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ACOUSTICAL NEWS—USA

Elaine Moran
Acoustical Society of America, Suite 1INO1, 2 Huntington Quadrangle, Melville, NY 11747-4502

Editor's Note: Readers of this Journal are encouraged to submit news items on awards, appointments, and other activities about
themselves or their colleagues. Deadline dates for news items and notices are 2 months prior to publication.

New Fellows of the Acoustical Society of America

Rene Causse-For contributions to the Stan E. Dosse—for contributions to
understanding of the acoustics of string ocean and Arctic acoustic inverse prob-
and wind instruments. lems.

Jun-ichi Kushibiki —For contributions Thomas L. Szabe—For contributions to
to ultrasonic metrology and to acoustic diagnostic ultrasound imaging.
microscopy.

J. Acoust. Soc. Am. 110 (1), July 2001 0001-4966/2001/110(1)/1/5/$18.00 © 2001 Acoustical Society of America 1
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ASA Fellow Elected to the National Academy

of Engineering 21-23 Feb.

H. Vincent Poor, Professor of Electrical Engineering at Princeton Uni-
versity, was elected a Fellow of the National Academy of Engineering in
2001 “for contributions to signal detection and estimation and their appli-
cations in digital communications and signal processing.” He was amonglo_13 March
the 74 engineers and 8 foreign associates elected this year. Dr. Poor is a
Fellow of the Acoustical Society of America.

Leo Beranek receives Honorary AlA

. 3-7 June
Membership

Leo L. Beranek was among ten people to be named honorary members
of the American Institute of Architects. Dr. Beranek was acknowledged for
his 50 years as an acoustical consultant on projects that ranged from thg ¢ pac.
Tokyo City Opera to the Mann Auditorium in Tel Aviv, as an author and
leader in acoustics research, and as a mentor to the next generation of
acoustics engineers, notably at Harvard University and the Massachusetts
Institute of Technology.

Leo Beranek is an Honorary Fellow of the Acoustical Society of
America and has received the ASA’s R. Bruce Lindsay Award, the Wallace
Clement Sabine Award, and the Gold Medal. He has served ASA in a wide
variety of roles including President and Vice President.

USA Meetings Calendar

Listed below is a summary of meetings related to acoustics to be held
in the U.S. in the near future. The month/year notation refers to the issue in
which a complete meeting announcement appeared.

2002

National Hearing Conservation Association Annual
Conference, Dallas, TKNHCA, 9101 E. Kenyon Ave.,
Ste. 3000, Denver, CO 80237; Tel.: 303-224-9022; Fax:
303-770-1812; E-mail: nhca@gwami.com; WWW:
www.hearingconservation.org/index.himl

Annual Meeting of American Institute for Ultrasound in
Medicine, Nashville, TNNJAmerican Institute of Ultra-
sound in Medicine, 14750 Sweitzer Lane, Suite 100,
Laurel, MD 20707-5906; Tel.: 301-498-4100 or 800-
638-5352; Fax: 301-498-4450; E-mail:
conv_edu@aium.org; WWW: www.aium.otg

143rd Meeting of the Acoustical Society of America,
Pittsburgh, PA[Acoustical Society of America, Suite
1NO1, 2 Huntington Quadrangle, Melville, NY 11747-
4502; Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: asa.aip.drg

Joint Meeting: 144th Meeting of the Acoustical Society
of America, 3rd Iberoamerican Congress of Acoustics
and 9th Mexican Congress on Acoustics, Cancun,
Mexico [Acoustical Society of America, Suite INO1, 2
Huntington Quadrangle, Melville, NY 11747-4502;
Tel.: 516-576-2360; Fax: 516-576-2377; E-mail:
asa@aip.org; WWW: asa.aip.org/cancun.ftml

Cumulative Indexes to the Journal of the
Acoustical Society of America

Ordering information: Orders must be paid by check or money order in
U.S. funds drawn on a U.S. bank or by Mastercard, Visa, or American

Express credit cards. Send orders to Circulation and Fulfillment Division,
2001 American Institute of Physics, Suite 1NO1, 2 Huntington Quadrangle,

15-19 Aug. ClarinetFest 2001, New Orleans, [2r. Keith Koons,
ICA Research Presentation Committee Chair, Music per index.

Dept., Univ. of Central Florida, P.O. Box 161354, Or-

Melville, NY 11747-4502; Tel.: 516-576-2270. Non-U.S. orders add $11

Some indexes are out of print as noted below.

lando, FL 32816-1354; Tel.: 407-823-5116; E-mail: Volumes 1-10, 1929-1938 JASA and Contemporary Literature, 1937—

kkoons@pegasus.cc.ucf.gdu
19-24 Aug.
ses, Pacific Grove, CAMichael Dorman, Dept. of

1939. Classified by subject and indexed by author. Pp. 131. Price: ASA
Asilomar Conference on Implantable Auditory Prosthe-members $5; nonmembers $10.
Volumes 1120, 1939-1948 JASA, Contemporary Literature, and Patents.

Speech and Hearing Science, Arizona State Univ., Classified by subject and indexed by author and inventor. Pp. 395. Out of

Tempe, AZ 85287-0102; Tel.: 480-965-3345; Fax: 480- print.
965-0965; E-mail: mdorman@asu.gdu
4-6 Oct.
Tinnitus Patient, lowa City, IARich Tyler, Tel.: 319-
356-2471; E-mail: rich-tyler@uiowa.edu;
www.medicine.uiowa.edu/otolaryngology/news/ngws
7-10 Oct.
with World Congress on Ultrasonics, Atlanta, GWV/.

Volumes 2130, 19493-1958 JASA, Contemporary Literature, and Patents.
Ninth Annual Conference on the Management of theClassified by subject and indexed by author and inventor. Pp. 952. Price:
ASA members $20; nonmembers $75.

WWW:  Volumes 31-35, 1959-1963 JASA, Contemporary Literature, and Patents.
Classified by subject and indexed by author and inventor. Pp. 1140. Price:
2001 IEEE International Ultrasonics Symposium Joint ASA members $20; nonmembers $90.

Volumes 36-44, 1964-1968 JASA and Patents. Classified by subject and

O’Brien, Electrical and Computer Engineering, Univ. indexed by author. Pp. 485. Out of print.
of lllinois, 405 N. Mathews, Urbana, IL 61801; Fax: Volumes 36-44, 1964-1968 Contemporary Literature. Classified by sub-

217-244-0105; WWW: www.ieee-uffc.org/20D1
29-31 Oct.

ject and indexed by author and inventor. Pp. 1060. Out of print.
NOISE-CON 01, The 2001 National Conference andVolumes 45-54, 1969-1973 JASA and Patents. Classified by subject and

Exposition on Noise Control Engineering, Portland, ME indexed by author and inventor. Pp. 540. Price: $g@perboung ASA
[Institute of Noise Control Engineering, P.O. Box 3206 members $2%clothbound; nonmembers $6Qclothbound.

Arlington Branch, Poughkeepsie, NY 12603; Tel.: 914- Volumes 55-64, 1974-1978 JASA and Patents. Classified by subject and
462-4006; Fax: 914-462-4006, E-mail: omd@ince.org; indexed by author and inventor. Pp. 816. Price: $@8perboung ASA

WWW: users.aol.com/inceusalince.hfml
15-18 Nov.
New Orleans,

vention, LA [American Speech-

members $25%clothbound; nonmembers $6Qclothbound.
American Speech Language Hearing Association ConVolumes 65-74, 1979-1983 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 624. Price: ASA members($2ber-

Language-Hearing Association, 10801 Rockville Pike, bound; nonmembers $7%clothbound.

Rockville, MD 20852; Tel.: 888-321-ASHA; E-mail:

Volumes 75-84, 1984-1988 JASA and Patents. Classified by subject and

convention@asha.org; WWW: professional.asha.org/indexed by author and inventor. Pp. 625. Price: ASA members(g$&per-

convention/abstracts/welcome.asp
3-7 Dec.
Ft. Lauderdale, FL[Acoustical Society of America,

bound; nonmembers $8(clothbound.
142nd Meeting of the Acoustical Society of America, Volumes 85-94, 1983-1993 JASA and Patents. Classified by subject and
indexed by author and inventor. Pp. 736. Price: ASA members($30er-

Suite INO1, 2 Huntington Quadrangle, Melville, NY bound; nonmembers $8(Qclothbound.
11747-4502; Tel.: 516-576-2360; Fax: 516-576-2377; Volumes 95-104, 1994-1998 JASA and Patents. Classified by subject and

E-mail: asa@aip.org; WWW: asa.aip.gr@eadline for
submission of abstracts: 3 August 2001.
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indexed by author and inventor. Pp. 632 Price: ASA members(fdper-
bound; nonmembers $9(clothbound.
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BOOK REVIEWS

P. L. Marston
Physics Department, Washington State University, Pullman, Washington 99164

These reviews of books and other forms of information express the opinions of the individual reviewers
and are not necessarily endorsed by the Editorial Board of this Journal.

Editorial Policy: If there is a negative review, the author of the book will be given a chance to respond to
the review in this section of the Journal and the reviewer will be allowed to respond to the author’s
comments. [See “Book Reviews Editor’s Note,” J. Acoust. Soc. Am. 81, 1651 (May 1987).]

; ; Chapter 5 is an interlude in which fundamental results on the vibra-
Science of Percussion Instruments tions of bars and air columns are briefly presented. This chapter serves as an
Thomas D. Rossing introduction for Chapter 6, where xylophones and marimbas are presented in
o detail. Chapter 7 describes metallophones. These two families of instru-
World Scientific, New Jersey, 2000. ments correspond to the general class of mallet percussion instruments
224 pp. hardcover (160 pp. paperback) Price: $75.00 hardcover, where rigid elastic bodies are set into vibration by the impact of a mallet.
$17.00 paperback ISBN: 9810241585 hardcover (9810241593 The “physical” content of Chapters 6 and 7 is similar to Chapter 19tué
paperback). Physics of Musical Instrument§he primary originality of the present book

is the description of lesser known instruments, such as tubaphones, gamelan

This book is concerned with percussion instruments. It can be viewec?him.esl' arf1d African Iam_ellaphonhes. In a?ditrion, a number of interesting
as a substantial extension of the chapters devoted to percussion instrumety'SIca “re eren%es are glvehn att eﬁnd of Chapter 7. | hich }
in the bookThe Physics of Musical Instrumertty N. H. Fletcher and the Following the same scheme, Chapter 8 is an interlude which describes
author. It also contains new material: acoustics of steelpans, bells, and glade Vibrations of shells ﬁnd platesf |r;]orger |t(0 hehlp the reader to unde(;sta_nr(]i
instruments, in particular. Readers with long-term experience in the music (?mrj%rgamcl)r;‘g Ss%\/r]eCIn fatggt?&: ig trt] ee re(\)/(i)odscch%ptt%rrsg t;1se ;%Tﬁg:r&ee s chVI'g es
acoustics literature will recognize that some chapters are extended versio : 9ongs, p . P pters,

; h - h . ch instrument and its musical use in detail and makes an effort to highlight
of previous material published in 1976 and 1977 e Physics Teach@ly  yne"connections between the physical observations and their musical impli-
the author. As mentioned in the Preface, this book is written primarily for caiqns  The collection of electronic TV holograms of cymbals and Karen
musicians. It is largely based on the research performed by the author h'"b'ronze drums shown in this chapter is particularly impressive.

self on percussion instruments, together with students and colleagues, for Chapter 10, devoted to steelpans, contains 21 pages, which is many

more than 25 years. more compared with the previous bodRhysics of Musical Instruments

. Chapter 1 briefly presents the percussion family. The author insistsypis”jjiystrates the current deep interest of the author in this family of
with reason, on the difficulty of classifying percussion instruments. Thisjnsiryments. As stated in the introduction, “the Carribean steelpan is prob-
classification mainly depends on whether the purpose is to emphasize physiyy the most important new acoustical instrument to develop in the 20th
gﬁ' g:cﬁgrsctfgtual differences or to highlight the use of a given instrument inbeniyry » Acousticians who are not familiar with optical measurements of

o " . S . vibrations will certainly appreciate the very clearly written interlude on

Chapter 2 is devoted to “Drums with definite pitch.” It starts with two - poographic interferometry. The presentation of the instruments is certainly
short paragraphs on the vibrations of strings and membranes in order ge| adapted to musicians. People with more developed scientific and math-
present the concept of normal mode, which will be used extensivelyomatical backgrounds will benefit from reading the various papers written
throughout the book. The author then presents in greater detail the acoustigg A Achong, whose references are given at the end of the paper. The
of timpani where the air-membrane coupling substantially modifies the vi-Carribean steelpan is not only musically fascinating, but is also a nonlinear
bration of the membrane, compared to th&acuocase. In my opinion, twWo  mechanical system of considerable difficulty whose behavior is far from
papers on timpani, which were recently published in JASA: Rhastuél. being completely understood at this time.
(J. Acoust. Soc. Am105, 3545-3562, 199%and Sullivan(J. Acoust. Soc. The three following chapter€hapters 11-1)3describe three families
Am. 101, 530-538, 1991 and which usefully complement this presenta- of pells. These chapters are entitled: “Church bells and carillons,” “Hand-
tion, could have been summarized in the text and inserted in the referencegelis, choirchimes, crotals and cowbells,” and “Eastern bells.” This exten-
The chapter ends with an interesting presentation of Indian drums. sive part of the book clearly reflects a strong interest of the author and his

One innovation of the present book is the introduction of three chap{ong-time experience with these instruments. From a musical point of view,
ters called “Interludes,” the aim of which is to help the reader become moreone should appreciate the number and variety of illustrations, as well as the
familiar with the basic concepts of sound perception and vibrations of strucsheer quantity of measurements.
tures. Chapter 3 is devoted to “sound and hearing.” It starts with a brief Glass musical instruments are described in Chapter 14. These instru-
presentation of sound waves, followed by the definition of the decibel scaleénents produce a very charming sound and their acoustic behavior is very
and of the concept of loudness. This short interlude ends with considerationsimilar to that of bells. To a first approximation, models of thin shells can be
on sound power level, on masking sounds, and on the dependence of loudpplied to the vibrations of glasses. As in the previous chapters, the author
ness on duration. This selection is coherent with percussion instrumentsrovides interesting information relevant to music and perception, in con-
since, as written by the author, a number of percussion instruments “ar@ection with the physics. The numerous illustrations and descriptions of
able to mask any instrument in the orchestra.” In addition, some percussioRarious instruments contribute to the pleasantness of the book for both mu-
instruments, such as the cymbal or the xylophone, are characterized by sicians and acousticians. The book ends with Chapter 15, with the presen-
very loud impulsive starting transient which can cause severe damage to thetion of some new or exotic percussion instruments such as the anklung, the
ear. Other short “interludes” appear as particular sections in other chapterBeagan organ chimes, the “cristal Baschet,” or the ceramic instruments of
of the book. Interludes on pitch and sound radiation, for example, can b&vard Hartenstein. This trip through the world of percussion instruments
found in Chapter 2, where the presentation of these concepts is directlgeems to be unfinished since, as mentioned by the author, “there are literally
connected to the acoustics and psychoacoustics of drums. thousands of other percussion instruments;” a nice perspective for research-

In contrast with Chapter 2, Chapter 4 is devoted to the acoustics oers who would like to enter this fascinating world.
drums with indefinite pitch. This chapter also contains two interludes deal- The book is very clear and easy to read. The author demonstrates
ing with the problem of pitch glides in membranes, and with the presentaparticular skill and enthusiasm for presenting rigorously complex phenom-
tion of modal coupling in a system with two degrees of freedanttwo- ena using simple words and short sentences. Although the number of pages
mass vibrator’j. The former phenomenon is musically important. It is the is rather small, this book contains a high density of information. It should
consequence of a nonlinear effect due to the fact that the tension of theertainly become a reference book for percussionists, music teachers, and
membrane increases with the magnitude of the transverse displacement. ThBysicists who are interested in this family of instruments. Professional
rest of the chapter is almost entirely concerned with the presentation of acousticians will probably like to complete their knowledge with the book
large variety of drums from all over the world: tom-toms, snare drums, basghe Physics of Musical Instrumergad by reading musical acoustics papers
drums, congas, bongos, rototoms, African and Japanese drums, and so onifijournals.
each case, the description and use of the instrument under study is followeghToINE CHAIGNE
by a discussion of its vibrational and/or acoustical behavior. This discussio . [ . .
is essentially based on experimental results. A substantial part of these r%—cpl,e Nationale Supieure des Techniques Avareme(ENSTA)
sults was obtained by the author himself, together with colleagues and su2nit€ d’Enseignement et de Recherche ercéfeque (UME)
dents. The reader will certainly be impressed by the large amount of experichemin de la Hunie
mental data, including particularly beautiful holographic interferograms 0f91761 Palaiseau cedex
mode shapes. France

J. Acoust. Soc. Am. 110 (1), July 2001 0001-4966/2001/110(1)/15/1/$18.00 © 2001 Acoustical Society of America 15



SOUNDINGS

REVIEWS OF ACOUSTICAL PATENTS

Lloyd Rice
11222 Flatiron Drive, Lafayette, Colorado 80026

The purpose of these acoustical patent reviews is to provide enough information for a Journal reader to
decide whether to seek more information from the patent itself. Any opinions expressed here are those of
reviewers as individuals and are not legal opinions. Printed copies of United States Patents may be
ordered at $3.00 each from the Commissioner of Patents and Trademarks, Washington, DC 20231.
Patents are available via the Internet at http://www.uspto.gov.

Reviewers for this issue:

GEORGE L. AUGSPURGER, Perception, Incorporated, Box 39536, Los Angeles, California 90039
IBRAHIM M. HALLAJ, Wolf Greenfield & Sacks P.C., 600 Atlantic Avenue, Boston, Massachusetts 02210
DAVID PREVES, Songbird Hearing, Inc., 5 Cedar Brook Drive, Cranbury, New Jersey 08512

WILLIAM THOMPSON, JR., 601 Glenn Road, State College, Pennsylvania 16803

6,160,760 5,991,236
43.30.Jx UNDERWATER SIGNALING DEVICE 43.30.Pc METHOD OF MEASURING BURIED
OBJECTS, GEOLOGICAL FORMATIONS
Mark Rayner, Calgary, Canada AND SEDIMENT PROPERTIES

12 December 200QClass 367141); filed 11 June 1999

Tokuo Yamamoto, assignor to Tokuo Yamamoto; Kawasaki Steel
Corporation

23 November 1999Class 36741); filed 3 April 1997

A hand-held underwater signaling device, configured like a hand gun,
comprises a pivoted trigger mechanignot numbered in this figujevhich
causes a pivoting spus0 that bears against a hammeétem 34 is the
rearmost portion of this hammeto force the hammer backwards, thereby A method is described for locating buried objects or for assessing
compressing the primary sprig§. When the spus0 clears the flang&4 of geological features and variation of sediment properties such as density and

: : . .. sound speed. An array of receivers and an acoustic source are placed in the
the hammer, the hammer is thrust forward by the spring whereupon its ti ; . . ;
y pring P pbody of water or in the sediment layer. The signals received by the array of

sensors are recorded. These received signals are correlated with the trans-
mitted signal to measure arrival time. A space—time wave field diagram is
then generated from which any scatterers can be located. —WT

6,160,756
43.30.Pc SEABED SONAR MATRIX SYSTEM

Jacques Y. Guigne, assignor to Guigne International Limited
12 December 200QClass 36788); filed 15 June 1998

A system for mapping a seabed comprises a towed linear array, or
planar matrix array, of transducers wherein each is sequentially energized
separately at a high frequency to produce a narrow beam and its echoes are
detected to produce one pixel of an X-Y display before the next transducer
is energized and its echoes detected to produce another pixel of the display
corresponding to an adjacent area of the seabed. If a large change in echo
amplitude is detected between adjacent sensors, scanning at these locations
can be accentuated by sonification at different frequencies.—WT

5,875,154

43.30.Yj BARREL STAVE FLEXTENSIONAL
PROJECTOR

Robert A. Dechico, assignor to the United States of America as
represented by the Secretary of the Navy
23 February 1999(Class 367163); filed 13 November 1997

This projector consists of a concave radiating surfBzewo attached

. . . . . . end masse8 and 10, and a series of staclsof piezoceramic discs or rings
strikes a bell70 which radiates into the surrounding medium. A secondary 4 y,4¢ glgg join the two end masses but which are located external to the

spring at the front end of the hammer urges it away from the bell after thgagiator12. A minimum of three such stacks is required while six is the
initial contact, thereby pl’eventing the hammer from damplng the Vibration%uggested number. The concave surfa2és either fashioned from a num-

of the bell. The spub0 pivots back to its resting position engaged against ber of individual staves, to which a water impervious boot is applied, or is
flange34 of the hammer so that the sequence can be repeated.—WT preformed as a continuous surface from a high strength composite material

91
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30

~
such as Kevlar or Teflon. Upon electrical excitation, the stacks alternately @f
elongate and shorten causing the concave surfade flex outwardly and 28 EXHAUSTION\‘\
inwardly at the same rate, thereby radiating sound into the surrounding
medium. The cavity within surfacg2 can house tuning coils and electron- W for drying the wafers. Gas can be introduced into the apparatus through
ics. Enhanced cooling of th@resumably encapsulatestacksé of piezo-  inlets 26 and exhausted through sucti@8.—IMH
ceramic should be realized since they are immersed in the surrounding water
rather than interior to the radiating surface as in other designs.—WT

6,160,763 6,125,704

INSPECTION OF WELD AND HEAT-AFFECTED

Jerry C. Cole, assignor to SealLandAire Technologies, ZONE FOR LOCALIZED HIGH TEMPERATURE

Incorporated _ HYDROGEN ATTACK
12 December 200QClass 367173); filed 28 December 1998
The individual sensor units for a towed line array consist of a pair of Weicheng David Wang, assignor to Shell Oil Company

circular UNIMORPHS mounted at opposite ends of a cylindrical tube of 3 October 2000(Class 73602); filed 16 January 1998

nylon so asto seal Fhe ends of the tube. The assembly is then suitably pottgd. Spectral analysis of pulse-echo signals from piping welds is described
The polar|t|es and interconnection of the UNIMORP_HS are such that theitq, detecting high-temperature hydrogen attack in welds. A signal from a
electrlc_al outputs are_addltlve in response to an |nC|deqt low-frequencyyeiq which has high-temperature hydrogen attack symptoms is character-
acoustic wave but their presumably equal outputs cancel in response t0 8 by an amplitude which increases with frequency, while other welds and

axial acceleration of the tube. The units are insensitive to transverse acCelfects have the same frequency dependence as a reference spectrum.—
eration of the tube. The length of the tube is chosen from buoyancy considy

erations. Numerous such units are connected in various series-parallel elec-
trical arrangements within the line array to achieve desired electrical
characteristics. —WT

6,128,092
6,119,367 43.35.Zc METHOD AND SYSTEM FOR HIGH

RESOLUTION ULTRASONIC IMAGING OF SMALL
43.35.Zc SYSTEM FOR DRYING SEMICONDUCTOR DEFECTS OR ANOMALIES
WAFERS USING ULTRASONIC OR LOW

FREQUENCY VIBRATION Daniel Levesqueet al, assignors to National Research Council of
Canada
Yuji Kamikawa and Satoshi Nakashima, assignors to Tokyo 3 October 2000(Class 356432T); filed 13 July 1999

Electron Limited . . . .
P The patent describes a system for detecting and imaging small defects
19 September 200qClass 34401); filed in Japan 10 March 1998 at or near the surface of objedgossibly in conjunction with laser excita-

Vibrating plates24 are interleaved between wet semiconductor waferstion or interferometry using synthetic aperture focusing.—IMH
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6,094,495 /54
{1z
43.38.Ja HORN-TYPE LOUDSPEAKER SYSTEM 'gg
Jeffrey A. Rocha, assignor to Eastern Acoustic Works, a4 / -_-' :
Incorporated _ \ <4 § 8
25 July 2000(Class 381340); filed 24 September 1998 96 S ~\4 8l
A horn driver has a W-shaped cone or diaphragm mated to an orange \ §_\ l¢] : _%
slice type phasing plug. In contrast to a simple single-element phasing plug, \\% ‘E ot il 100 /
this geometry operates effectively over a wider frequency range and can D <o
generate a plane wavefront in the throat of the horn, even at relatively high / l/‘92 R % 105
frequencies.—GLA - . i 7
\ — 1 Y
A —_—
= — } 09|
. 98\’ IO4\\
6,118,883 = 106
43.38.Ja SYSTEM FOR CONTROLLING LOW — e N
FREQUENCY ACOUSTICAL DIRECTIVITY 3

PATTERNS AND MINIMIZING DIRECTIVITY

47
Q

NN

N

RS
|

DISCONTINUITIES DURING FREQUENCY \ (o8 §

TRANSITIONS N A

95 -

Jeffrey A. Rocha, assignor to Eastern Acoustic Works, 92 —%
Incorporated 91 30 :

12 September 2000 Class 381387); filed 24 September 1998

The current hot item in touring sound systems is a line array made of
identical high-power, wide-range modules. A number of variants are comdocument describes a sophisticated power amplifier which is part of the
mercially available, but most of these combine a rectangular high-frequencgubwoofer package. The remaining pages are devoted to the inventor’s dis-
horn with a pair of cone drivers. In several cases, flared horn mouth sectiongnctive small-bore, long-stroke theory of loudspeaker design.—GLA

LE—Gdﬁ
12
@6 Oz-| 7
Le o L= Ar2
A =)
s =i 6,141,428
77
Lo-65 43.38.Ja AUDIO SPEAKER SYSTEM
Chris Narus, Southington, Connecticut
31 October 2000(Class 381339); filed 28 October 1993

A bifurcated transmission line loudspeaker system uses two loud-
are used as mounting baffles for the cone loudspeakers. If this basic georfipeakersl8, coupled through individual intermediary ductd to common

etry is optimized in relation to the frequency dividing network, then rela- exit duct12. Individual ducts may be any size, any shape, any length, and
tively constant beamwidth can be maintained through the crossover
region.—GLA

18 L~

6,130,954

43.38.Ja HIGH BACK-EMF, HIGH PRESSURE
SUBWOOFER HAVING SMALL VOLUME CABINET,
LOW FREQUENCY CUTOFF AND PRESSURE
RESISTANT SURROUND

Robert W. Carver, Snohomish, Washington - 107‘
10 October 2000(Class 381399); filed 2 January 1996

This lengthy patent is the latest in a series of continuations of divisiondined or not lined with absorptive material. With properly chosen dimen-
of earlier patents. The basic invention is a very small, high-power subwoofegions this scheme can probably deliver smoother response than an equiva-
which has proved to be commercially successful. A good part of the patenient single speaker on an undamped pipe.—GLA
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43.38.Lc SOUND QUALITY ADJUSTMENT CIRCUIT

6,141,425 identifying, coding, and reconstructing individual sound sources in a multi-
microphone teleconference setup.—GLA

Kazuo Murayama and Toshiya Murakami, assignors to Sony
Corporation
31 October 2000(Class 38199); filed in Japan 30 September 1996

Conventional%—octave graphic equalizers have about 30 individual 6,157,680
filters on fixed center frequencies. If each filter allowed limited adjustment .
of center frequency and Q, the number could be greatly reduced While43'38'S| AUDIO DISTORTION CANCELLER
retaining the general look and feel of a graphic equalizer. Such an equalizd ETHOD AND APPARATUS
was manufactured by Crown more than 10 years ago. This new design by
Sony makes use of state-variable filters controlled by variable-conductance ~ William L. Betts and Gordon Bremer, assignors to Paradyne
amplifiers.—GLA Corporation

5 December 2000 Class 37%285); filed 5 March 1997

This telephone distortion and echo canceller is intended for use on a
phone line which also carries data as well as voice, such as a digital sub-

6,130,870
scriber line(DSL). The canceller reduces audible harmonic distortion such
43.38.Md RECORDING MEDIUM, RECORDING as is caused by the connection of a standard telephone instrument to a DSL

APPARATUS, REPRODUCING METHOD, line. This eliminates the need for the costly and troublesome device known
AND REPRODUCING DEVICE as a POTS splitter—DLR

Teppei Yokota and Ayataka Nishio, assignors to Sony
Corporation
10 October 2000(Class 36959); filed in Japan 31 May 1995

Standards for digital storage on optical disks restrict audio to 16-bit
coding. Encoding schemes using longer word lengths can be stored on CD- 6,118,875

ROM, but cannot be reproduced by a standard CD player. The object of th
invention is to “...provide a recording medium which can maintain c:ompat—z?’-:ag-vk BINAURAL SYNTHESIS, HEAD-RELATED

ibility with the conventional CD player, and can be reproduced in the stateT RANSFER FUNCTIONS AND USES THEREOF

of high sound quality at the reproducing apparatus of high rank.” In other

words, the same CD can be played at 16-bit precision on your auto stereo  Henrik Mgller et al, all of Aalborg, Denmark

system or at higher fidelity on a special “master” reproducer.—GLA 12 September 200QClass 3811); filed in Denmark 25 February
1994

This is really a research paper disguised as a patent document. Head-
related transfer functions, first investigated more than 30 years ago, are an
important part of current sound localization techniques. By processing ste-
reo audio signals with appropriate transfer functions, virtual sound images

6,125,175
43.38.Si METHOD AND APPARATUS FOR

INSERTING BACKGROUND SOUND IN A can be placed almost anywhere. The problem is that HRTFs are like
TELEPHONE CALL fingerprints—no two are alike and they vary widely between individuals.
The patent describes a set of “general” HRTFs that are said to satisfy

Randy G. Goldberg et al, assignors to AT&T Corporation almost all potential users in terms of accurate image placement. The transfer

26 September 200QClass 379207); filed 18 September 1997 functions themselves, and the means used to derive them, depart signifi-

For those whose lives do not contain enough sound, the invguer cantly from prior art—GLA

sumably not related to Rube Goldbgrglows a telephone user to add a
background sound to a phone call. The user’s phone is coupled to an inter-
mediate “network node” which can play one of a number of background
sounds during the calle.g., giving the impression that the user is calling
from a busy airport or tavejr—IMH

6,118,880
6,130,949 43.38.Vk METHOD AND SYSTEM FOR
DYNAMICALLY MAINTAINING AUDIO BALANCE IN
43.38.Si METHOD AND APPARATUS FOR A STEREO AUDIO SYSTEM
SEPARATION OF SOURCE, PROGRAM RECORDED
MEDIUM THEREFOR, METHOD AND George Kokkosoulis and Daniel Anthony Temple, assignors to
APPARATUS FOR DETECTION OF SOUND International Business Machines Corporation

12 September 200QClass 381303); filed 18 May 1998

Earlier patents have utilized electro-acoustic schemes to measure and
adjust the loudness and delay of multi-channel stereo speakers in relation to
a particular listening location. The invention described here differs from
prior art in at least three respects: First, all measurements and adjustments

SOURCE ZONE, AND PROGRAM RECORDED
MEDIUM THEREFOR

Mariko Aoki et al,, assignors to Nippon Telegraph and Telephone

Corporation ) ) .
e . are accomplished via a hand-held radio frequency remote control. Second,
1019%(étober 2000(Class 38194.3; filed in Japan 18 September only relative levels are changed; equalization and delay are not included.

Third, the actual method of level adjustment is a lossy sort-of-L-pad be-

Those not familiar with the field probably don't realize that audio tween each amplifier output and its associated loudspeaker. The stated ap-
teleconference systems have become elaborate, computer-based procesgtication is home theater, yet how many home theater owners would be
capable of triggering microphones, cancelling room echo, and suppressingilling to insert L-pads into their spiral-wound, noninductive, gravity-
feedback—all in real time. The patent describes a sophisticated system faancelling, oxygen-free speaker cables?—GLA
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6,130,948

43.38.Vk SOUND FIELD PROCESSOR WITH
SOUND FIELD EXPANDING APPARATUS

Masamitsu Hirano and Noro Masao, assignors to Yamaha
Corporation
10 October 2000(Class 38117); filed in Japan 27 September 1996

By this time Yamaha must own more than two dozen patents carrying
the general title of “Sound Field Expanding Apparatus.” The patent de-
scribes improved analog filter circuitry to provide a wider range of adjust-
ment and less sensitivity to component tolerances than prior art.—GLA

TO0
PROCESSOR

of the audio waveform is processed by the digital hearing aid itself or is
transmitted via bi-directional link to a remote processor to make fitting
computations.—DAP

6,125,115
6,157,727
43.60.Sx TELECONFERENCING METHOD AND
APPARATUS WITH THREE-DIMENSIONAL SOUND 43.66.Ts COMMUNICATION SYSTEM INCLUDING A
POSITIONING HEARING AID AND A LANGUAGE

TRANSLATION SYSTEM

Gerard Dirk Smits, assignor to QSound Labs, Incorporated

26 September 200qClass 370389); field 12 February 1998 Valentln_ Chapero Rueda, assignor to Siemens Audiologische
Technik GmbH

The patent describes a system for assisting a user participating in a 5 December 2000 Class 381312); filed in Germany 26 May 1997

teleconferencécarried over a computer network discerning the identity Speech signals are translated into a selected language as well as being
of various participants. Spatialization cues are provided by 3-D audio localprocessed to correct for the hearing loss of the hearing aid wearer. A com-
munication link facilitates bidirectional data transmission between the hear-
ing aid and a language translation system. The communication link may be
wireless via infrared light, ultrasound, induction or high-frequency radio
waves. The translated and amplified audio signals are supplied to the hear-
ing aid wearer through the earphone of the hearing aid in the selected second
language.—DAP

6,157,728

43.66.Ts UNIVERSAL SELF-ATTACHING
INDUCTIVE COUPLING UNIT FOR CONNECTING
HEARING INSTRUMENT TO PERIPHERAL
ELECTRONIC DEVICES

Yit Chow Tong and Joseph Sylvester Chang, assignors to
Multitech Products (PTE) Limited
5 December 2000 Class 381331); filed in Singapore 25 May 1996

External electronic devices are connected via an inductive coupling

ization to give the user the impression that each unique teleconference pafDit to any hearing aid with an internal telecoil. The inductive coupling unit
ticipant's voice is coming from a unique location in the surroundings of the!S placed on the outer surface of the hearing aid and contains a transmitting

user.—IMH AUDIO SOURCES

c© 0o —A
CDLD
Radio/Cassefie

6,154,546 P et \/

43.66.Ts PROBE MICROPHONE
Computer/ |j
Televislor
Bohumir Uvacek, assignor to Resound Corporation seven
28 November 2000(Class 38160); filed 18 December 1997
The output of a calibrated probe microphone is connected to the direCt smeoma covpier %)
audio input of a digital hearing aid to implement a real ear measurement
system, thereby permitting the hearing aid to be tested and calibrasid speech D
without requiring complex external equipment. The digitized representation "=
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coil that is connected via a cable to the external electronic device. Signals
from the external electronic device are induced into the telecoil inside the
hearing aid.—DAP

CDNRSTZ
BPFM V4

6,167,141
43.66.Ts MULTIMATERIAL HEARING AID HOUSING

Robert S. Yoest, assignor to Beltone Electronics Corporation

26 December 200QClass 381322); filed 30 April 1998
brown {:

Methodology is described to form a rigid plastic hearing aid housing

with a channel for a compliant elastomer inset. The elastomeric material is

located on the housing to contact the more sensitive regions of a user's e3yStem. which is used to define a target tongue shape. As the person speaks
various sounds, the tongue regions are indicated which are most important

~ for the selected sound. Lip shapes and acoustic data displays are also
available.—DLR

6,159,243

43.70.Dn KIT FOR IMPLANTATION OF A VOICE
PROSTHESIS IN PATIENTS ON WHOM A
LARYNGECTOMY HAS BEEN PERFORMED

Paul Ferdinand Schouwenburg, Aerdenhout, The Netherlands
12 December 200QClass 6239); filed in The Netherlands 6 May

1996
ORIGINAL IMPRESSION WITH SHELL MADE - ) . . . .
SCULPTED EAR MATERIAL REMOVED FROM MODIFIED A kit is described by which a patient who has previously received a
IMPRESSION IMPRESSION tracheotomy can be fitted with a voice prosthesis without requiring a general

anesthesia for the second cut, nor a second period of hospitalization. The
device, inserted through the mouth, includes a trocar, or cutting tool, and the

FINISHED AID FINISHED AID
WITH UNFILLED WITH FILLED
SOFT REGION SOFT REGION

canal for providing improved seal and comfort under both static and dy-
namic ear canal conditions. Additionally, or alternately, compliant annular
seals may be formed around the housing to achieve higher gain without
acoustic feedback problems.—DAP

6,151,577
43.70.Dn DEVICE FOR PHONOLOGICAL TRAINING

Ewa Braun, assignor to Ewa Braun
21 November 2000(Class 704276); filed in Sweden 27 December
1996

This patent makes the argument that persons with certain types of
dyslexic conditions can benefit from a visual display of the vocal tract
showing the tongue shape corresponding to the sound being spoken. For
example, in a matching mode, a certain speech symbol is entered into the —
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additional parts needed to implant the prosthesis into the fresh cut. A baliects presented visually or verbally. The computer system then extracts lin-

loon arrangement is said to reduce the chance of cutting into the esophageguistic or nonlinguistic information from the person’s responses in order to

wall. There is no discussion of how bleeding into the lungs is to beevaluate the person’s psychological or physical state. The stated purpose of

controlled.—DLR the system is to assist in judging the suitability of an applicant for a par-
ticular job.—DLR

6,154,721
6,151,592
43.72.Ar METHOD AND DEVICE FOR DETECTING
VOICE ACTIVITY 43.72.Bs RECOGNITION APPARATUS USING
NEURAL NETWORK, AND LEARNING METHOD

Estelle Sonnic, assignor to U.S. Philips Corporation THEREFOR
28 November 2000 Class 704233); filed in France 25 March 1997

This three-state classifier determines whether frames of the speech  Mitsuhiro Inazumi, assignor to Seiko Epson Corporation
input signal consist of noise only or speech plus noise. The energy level and 21 November 2000(Class 70616); filed 26 March 1993

center-clipped zero crossing count are smoothed and compared to thresholds This patent is a veritable catalog of neural network architectures, cul-

to trigger state changes. The accuracy is affected by the possible presencerﬂfnating in a fully connected feedback network as shown in the figure. In

data signals coded into a portion of the voice band. The zero-crossing megygition, each neuronlike element contains an internal state representing the
sure is intended to address that question.—DLR past history of all of its inputs. The Kullback—Leibler distance, a measure of

6,157,906 I
43.72.Ar METHOD FOR DETECTING SPEECH IN A
VOCODED SIGNAL
SPEECH RECOG~
R
Richard Brent Nicholls et al, assignors to Motorola, Incorporated EE?E%&E._ ~ | QEE'SET
5 December 2000Class 704214); filed 31 July 1998 ING L I OUTPUT
This speech presence detector takes as input the frames of a vocoded | MEANS MEANS
speech signal. The design is intended primarily for use with the vector sum
(VSELP) vocoding technique. The frame energy is processed by a method
called staggered averaging. By this is meant that the input is used directly
without delay when that input value increases, but is filtered by an exponen-
\ \‘
)
401 402 403

the similarity between two probability distributions, is cited as applicable for
learning in such a network. Noise inputs are used in various ways to facili-
tate network learning.—DLR

404 6,161,090

500 43.72.Fx APPARATUS AND METHODS FOR
————————————————————————————— / SPEAKER VERIFICATION/
IDENTIFICATION/CLASSIFICATION EMPLOYING
NON-ACOUSTIC AND/OR ACOUSTIC

MODELS AND DATABASES

STAGGERED AVERAGE VALUE

| | | | | { 1

|
|
l
i
{

FRAME t ty
406 Dimitri Kanevsky and Stephane Herman Maes, assignors to

) S ) ) International Business Machines Corporation
tial smoothing filter when the input value decreases. The figure shows the 12 pecember 200aClass 704246); filed 11 June 1997

result of this filtering. The staggered average signal is multiplied by the

voicing level to further improve the discrimination between voiced and un- 1€ Patent covers a procedure for using voice interaction to gain ac-
voiced frames.—DLR cess to secure facilities or services. A two-pronged approach is described

which uses analyses of all submitted voice samples, but also asks the appli-
cant a question from a user-specific and possibly random set and uses the

6,157,913 response to help judge the authenticity of the applicant.—DLR
43.72.Ar METHOD AND APPARATUS FOR
ESTIMATING FITNESS TO PERFORM TASKS 6,161,094
BASED ON LINGUISTIC AND OTHER ASPECTS OF 43 72 Fx METHOD OF COMPARING UTTERANCES
SPOKEN RESPONSES IN CONSTRAINED FOR SECURITY CONTROL
INTERACTIONS
Sherrie Adcock and Gerald S. Schwartz, assignors to Ann Adcock
Jared C. Bernstein, Palo Alto, California Corporation
5 December 200Q(Class 704275); filed 25 November 1996 12 December 200QClass 704273); filed 14 February 1997

This patent describes a computer program for interacting with a per- The technique covered here, described as a speaker verification sys-
son, to elicit verbal responses from that person, such as answering specifiem, performs a simple comparison of spectral data between test and refer-
questions, repeating a specific word, phrase or sentence, or identifying olence utterances. FFT frames of the input signal are tested for nonzero en-
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ergy, then divided intoN bands. Points in the frame/band matrix are
differenced between test and reference utterances. The frames being con
pared may slide back or forward in time for the best match. A set of utter-
ances must all compare within some threshold in order for the matrix aver-
age to be stored as a reference for that speaker. The approach is reminisce
of techniques widely used in the 1970s.—DLR

th
6,163,769 HOLEVEL
43.72.Ja TEXT-TO-SPEECH USING CLUSTERED w1 W M M 2B B B
CONTEXT-DEPENDENT PHONEME-BASED the spectral distributions are removed according to the acoustic feature data.
UNITS Any remaining residual in the distribution of the classified model is used to

adapt the corresponding factory HMM.—DLR

Alejandro Acero et al, assignors to Microsoft Corporation
19 December 200QClass 704260); filed 2 October 1997 6,151,575

This concatenative speech synthesizer uses triphone or larger spee
segments as a basis for natural-sounding speech output. An automated s%%—;jz'Ne RAPID ADAPTATION OF SPEECH

tem for creating the speech segment database uses a decision tree and bu QDELS

a hidden Markov model to identify and cluster similar phonetic elements . .
o Michael Jack Newman et al, assignors to Dragon Systems,
within similar contexts. An unlabeled corpus of speech from a target speaker Incorporated

may thus be processed to build up a set of segments for use by the speech 51 November 2000(Class 704260); filed 28 October 1996

synthesizer.—DLR . . - .
y Collections of speech data to be used in training a recognizer are

grouped according to similar characteristics, which may include common
patterns such as gender, dialect patterns, or age. Working in the acoustic
feature domain, linear interpolators are constructed between like elements
from different domains. Various forms of averaging may be used to estimate
the parameters for missing data. A model may be constructed for a particular

6,157,909 speaker by estimating the distance to move along each linear measure.—
DLR
43.72.Kb PROCESS AND DEVICE FOR BLIND
EQUALIZATION OF THE EFFECTS OF A 6.154.526
TRANSMISSION CHANNEL ON A DIGITAL SPEECH ’ ’
SIGNAL 43.72.Ne DATA ACQUISITION AND ERROR

CORRECTING SPEECH RECOGNITION SYSTEM
Laurent Mauuary and Jean Monne, assignors to France Telecom

5 December 2000Class 704229); filed in France 22 July 1997 Karl Dahlke det al, assignors to Intellivoice  Communications,
Incorporate
The patent describes a method equalizing a communication channel  og Novpember 2000(Class 37¢88.03; filed 4 December 1996
using a cepstral analysis of the received signal. An average of the short-term

cepstral vectors is computed and compared to a stored reference cepstrum This speech recognizer offers a proposed solution to the problem of
P P P P recognition accuracy in a voice dialing system. The system controller main-

derived from a Iong-term analysis of clear speech. Th? difference bem’eeféins a statistical database for each user, including numbers typically called

the cepstrum of the received signal and the reference is used to compute B9 area code and by time of day. This information is considered along with

equalization filter to compensate for line distortions.—DLR the recognition confidence to determine whether to suggest a “correction”
to the user before dialing.—DLR

6,154,722
6.151.574 43.72.Ne METHOD AND APPARATUS FOR A
T SPEECH RECOGNITION SYSTEM LANGUAGE
43.72.Ne TECHNIQUE FOR ADAPTATION OF MODEL THAT INTEGRATES A FINITE
HIDDEN MARKOV MODELS FOR SPEECH STATE GRAMMAR PROBABILITY AND AN N-
RECOGNITION GRAM PROBABILITY

T . : : Jerome R. Bellegarda, assignor to Apple Computer, Incorporated
Chin-Hui Lge and Koichi - Shinoda, - assignors to - Lucent 28 November 2000(Class 704257); filed 18 December 1997
Technologies, Incorporated

21 November 2000(Class 704256); filed 5 December 1997 This speech recognition system usesnegram modeltypically, with
n equals 2 but having the transition probabilities adjusted according to a

A method is presented for adapting the HMM speaker model of afinite state grammar of the input language. These two constraints are
speech recognizer to a particular speaker’s voice without a specific trainingyeighted such that an utterance need not be strictly matched by the finite
period. An initial (factory) training provides a generalized speaker- state grammar and still recognized as valid as long as the word sequence
independent set of HMM models. During recognition, successive portions oprobabilities are reasonable.—DLR
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6,157,705 large-corpus-gram probabilities to make them better fit the small corpus.—
DLR

43.72.Ne VOICE CONTROL OF A SERVER

: 6,160,877

Jeffrey Perrone, assignor to E Trade Group, Incorporated

5 December 2000 Class 37938.0J); filed 5 December 1997 43.72.Ne ME THOD OF SCREENING AND

This application of a speech recognition system would allow a user toPR|ORITIZING AN INCOMING CALL
control an Internet server using a standard telephone connection to the
server site. The phone connection may also be made over the network in an  Gregory R. Tatchell et al, assignors to Stentor Resource Centre,
alternative arrangement. All of the speech recognition software is located at Incorporated
the server, rather than at the user’s site. It is assumed without further dis- 12 December 200QClass 379197); filed 19 November 1996
cussion that a typical commercial voice recognition system will be able to

provide sufficiently accurate results given unconstrained, natural speech vita tTh'ﬁ spetﬁch rebcog'rg)ltlo? syslten:' IS llncorptor?ttﬁd |nto' the terl]ephone tsys—
a telephone connection.—DLR em to allow the subscriber to selectively control the various phone system

services in a convenient and understandable manner. The primary goal
seems to be a more comprehensive control of a caller ID service than the

6,157,910 typical options of simply rejecting all calls or rejecting all calls which have
the ID signal blanked out. This system accepts names defined for the voice
43.72.Ne DEFERRED CORRECTION FILE dialing service and allows calls to be accepted selectively according to the
TRANSFER FOR UPDATING A SPEECH FILE BY caller ID signal.—DLR
CREATING A FILE LOG OF CORRECTIONS
6,161,087
Kerry A. Ortega, assignor to International Business Machines
Corporation 43.72.Ne SPEECH-RECOGNITION-ASSISTED
5 December 2000 Class 704231); filed 31 August 1998 SELECTIVE SUPPRESSION OF SILENT

A method is described by which multiple users of a speech recognitionAND FILLED SPEECH PAUSES DURING
system can make updates to the recognition vocabulary or word pronunciepLAYBACK OF AN AUDIO RECORDING

tions without interfering with each other’s corrections. When any user
makes corrections to the system, those changes are not applied directly to Colin W. Wightman and Joan Bachenko, assignors to Lernout &
the system but are instead maintained in a log file of corrections. Any user Hausp.ie Speech Products N.V '

can then keep a copy of the_original m_aster systgm and his or her own log of 12 December 200qClass 704215); filed 5 October 1998
changes. These changes will be applied each time that user runs the system ) ) ] ]
on any machine.—DLR This playback system for audio speech recordings provides a means of

automatically suppressing pauses during which the speaker has uttered fill
sounds, such as “um” or “uh.” An indication is provided to the listener of
6,157,911 when such filled pauses have been suppressed and the user may turn such

i ff i —DLR
43.72.Ne METHOD AND A SYSTEM FOR SUppression on or ot at any time
SUBSTANTIALLY ELIMINATING SPEECH

RECOGNITION ERROR IN DETECTING REPETITIVE 6,163,765
SOUND ELEMENTS 43.72.Ne SUBBAND NORMALIZATION,
) ) o TRANSFORMATION, AND VOICENESS TO
Masaru Kuroda, assignor to Ricoh Company, Limited RECOGNIZE PHONEMES FOR TEXT MESSAGING

5 December 200QClass 704251); filed in Japan 28 March 1997
IN A RADIO COMMUNICATION SYSTEM

When using a typical speech recognition system, short repetitive words
will oftgn not be correctly recognized unlgss isolated b,y a short silent inter- Oleg Andric et al, assignors to Motorola, Incorporated
vaI: Th!s causes an unaccept.able delay in thg system’s response. One alter- 19 December 200GClass 704204); filed 30 March 1998
native is to use a word spotting method, which can locate a word without
regard to word or speech boundaries. This creates a problem, however, for ~ This telephone message system converts a caller's message to text for
words such as Japanese “nana’” for “seven.” Two repetitions of “nana’ display on the phone of the paged person. The caller may listen to a syn-
are seen by the word spotter as three utterances of the word. The solutidiesized version of the converted text to verify correct recognition. The
described here is to force a specific minimum interval between word-2nalysis process involves generating cepstral difference envelope vectors
spotting results. Thus, the word spotter can still respond quickly, but willand transforming the envelope data to get voicing energy. These two mea-
fail if a response is too close in time to a previous response.—DLR sures are used to generate Gaussian mixture probability density functions to

identify the likely phoneme sequence for the utterance.—DLR

6,157,912

43.72.Ne SPEECH RECOGNITION METHOD WITH
LANGUAGE MODEL ADAPTATION

6,163,767

43.72.Ne SPEECH RECOGNITION METHOD AND
SYSTEM FOR RECOGNIZING SINGLE OR

Reinhard Kneser et al, assignors to U. S. Philips Corporation UN-CORRELATED CHINESE CHARACTERS
5 December 2000(Class 704270); filed in Germany 28 February
1997 Donald T. Tang et al, assignors to International Business

This speech recognition patent deals with the question of adapting an Machines Corporation

n-gram probabilities model based on a large text sample to the more specific 19 December 2000(Class 704231); filed in China 19 September
patterns found in particular usage areas. The latter patterns may not provide 1997

nearly as large a text sample as the broader training sample. The method Because each Chinese character typically has a large number of ho-
used is to compute the individual word frequencies of the smaller corpusnophones, correct recognition of a spoken, isolated character is essentially
(the unigram modg] and then use these word frequency values to adjust thémpossible. The solution proposed here is to describe the character using
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any of a variety of more or less standard phrases, collectively referred to asignals in the direction of travel of a motor vessel, expressly for the purpose
a character description langua@@DL). The recognizer interprets the sen- of alerting submerged manatees near the ocean’s surface to the danger of
tence in CDL, from which the correct character may be extracted. Much othat approaching vessel. —WT

the patent is concerned with details of the available CDL techniques and the

grammars by which they may be analyzed.—DLR 6,122,222
6,163,768 43.80.Vj ULTRASONIC TRANSMIT AND RECEIVE
SYSTEM
3.72.Ne NON-INTERACTIVE ENROLLMENT IN
SPEECH RECOGNITION John A. Hossack and Jian-Hua Mo, assignors to Acuson
Corporation
Stefan Sherwood et al, assignors to Dragon Systems, 19 September 200QClass 3677); filed 2 March 1995
Incorporated ] A transmit beamformer is provided, having an array whose elements
19 December 200QClass 704235); filed 15 June 1998 are excited with at least two frequencies. The result produces a multi-focal

It is fairly common to use recognition techniques to process speectpeam with progressively higher frequency foci located at progressively shal-
inputs intended for updating a speaker model for a particular speaker. Thi¢wer focal distances. The invention claims to use the frequency-dependent
system uses such techniques to allow the user to record an extended selec-

tion from the enrollment material without being especially concerned that 1000 ~ :
the recording contain the exact word sequence. When the recording is /'/,,,I/,,,
. . . . ‘I
played back into the recognizer for updating purposes, corresponding words 800 /”/Z///;I/ R
and phrases are recognized and located in the enrollment material. Onc i Ui
AMPLITUDE 600 i T
located, the new words may be used for the update.—DLR (LINEAR) //l I I//////I/// /;/ s
400 ”,;%%z///”” ”,7/”/% ’/// b
] )
5,850,372 2004 SN
,;,,{;,//,,,,;l//,,,lgl//,,, /;”//I/////// ) i II’/I I,// N
o S e
43.80.Nd METHOD OF ALERTING SEA COWS OF s i
E iy ol
THE DANGER OF APPROACHING MOTOR ELEMERT s L 2
VESSELS o i ©
2
. . o]
Joseph E. Blue, assignor to Leviathan Legacy, Incorporated END / ° FR(ES%E}SCY
15 December 1998Class 367139); filed 9 December 1994 ELEMENT

This patient discusses the concept of generating underwater acoustime focus to increase the rate at which an image can be generated while
signals in the frequency range from 3 to 26 kHz, either with linear sonarmaintaining multiple focal points and eliminating the need for multiple
transducers or nonlinear parametric sonar projectors, and of projecting thedirsts at multiple steering positions.—IMH
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ADVANCED-DEGREE DISSERTATIONS IN ACOUSTICS

Editor’s Note: Abstracts of Doctoral and Master’s theses will be welcomed at all times. Please note that
they must be limited to 200 words, must include the appropriate PACS classification numbers, and
formatted as shown below. If sent by postal mail, note that they must be double spaced. The address for
obtaining a copy of the thesis is helpful. Submit abstracts to: Acoustical Society of America, Thesis
Abstracts, Suite 1NO1, 2 Huntington Quadrangle, Melville, NY 11747-4502, e-mail: asa@aip.org

On the subjective responses based on the auditory-brain model ferent car engines were characterized by these factors measured by this
in relation to the factors extracted from the interaural cross- system.

correlation mechanism and the auto-correlation mechanism of

sound fields [43.55.Gx, 43.55.Hy, 43.66.Lj]—Shin-ichi SatoGraduate Thesis advisor: Yoichi Ando

School of Science and Technology, Kobe University, Kobe, Japan, March

1999 (Ph.D.).Based on the auditory-brain model for subjective responsesCopies of this thesis written in English can be obtained from
the author investigated the relationship between several important subjectiydasatsugu Sakurai, Yoshimasa Electronic, Inc., Daiichi-Nishiwaki Bldg.,
attributes of the sound field and the orthogonal factors that are extracted58-10 Yoyogi, Shibuya, Tokyo 151-0053, Japan. E-mail address:
from both the interaural cross-correlation function and the autocorrelatiors@kKU@ymec.co.jp.

function. There are three significant finding$) The apparent source width

(ASW) is described by two orthogonal spatial factors: the IACC and the ) ) ) )

width of the interaural cross-correlation functiowfcc). The scale value ~Reverberance and its control in refation to the physical factors

of ASW is formulated by superpositioning two terms: theower of the ~ Of sound fields in halls ~ [43.55.Hy, 43.55.Fw]—Shigeo HaseGraduate
IACC and the% power of theW,,ec . (2) The most preferred delay time of School of Science and Technology, Kobe University, Kobe, Japan, March
a single reflection for a cello soloist can be calculated by the amplitude o001 (Dr. Eng.).Based on the theory of subjective preference, the author
the reflection and the minimum value of the effective duration of the run-investigated the effects of the set of four orthogonal physical fa¢listen-

ning autocorrelation function of the music motifs played by the cellt.  ing level, initial time delay gap between the direct sound and the first re-
From subjective preference tests by paired-comparison method, for differeritection, subsequent reverberation time, and 1A@@ the reverberance of
source locations on the stage in an actual concert hall, the subjective presound fields. The study clarifies how much both temporal and spatial factors
erence can be calculated using four orthogonal factors and the interaurabntribute to reverberance. Experiments were conducted to determine the
time delay of the IACC f(,cc). When the IACC is not obtained gfcc effects of the physical factors on reverberance in simulated sound fields and
=0, the preference scores decrease rapidly due to an image shift or @n actual halls. Scale values of reverberance for both music and speech
unbalanced sound field. Results agree well with the subjective preferencsignals were obtained by the paired-comparison method. The results of these

obtained by use of simulated sound fields whg=0. experiments show that these four factors affect the scale values of reverber-
ance independently, and that the scale values of a sound field at any seat in
Thesis advisor: Yoichi Ando a room can be calculated by the linear combinations of these factors. On the

Copi f this thesi ) in Enalish be obtained f Shin-ichi S basis of the results from this and previous studies, some methods for con-
opies of this thesis written in English can be obtained from Shin-ichi ato.trolling the reverberance of sound fields in an actual hall are proposed. The

Graduate School of Science and Technology, Kobe University, Rokkodai . . ; .
Nada, Kobe 657-8501, Japan. E-mail address: satos@kobe-u.ac.jp. fesults of this study will allow 'the design of various r.evgrberancgs for sognd
fields that are optimal for various source signals with its effective duration

of autocorrelation function,efmin -

. . ) . Thesis advisor: Yoichi Ando
Computational systems for sound fields, as tools in design and . ) ) ) ) . . )
diagnosis  [43.50.Rq, 43.55.Hy, 43.55.Ka, 43.55.Mc, 43.58.Gn Copies of this thesis written in English can be obtained from Shigeo Hase,

43.58.Ta]—Masatsugu Sakurai,Graduate School of Science and Theater Design Laboratory Co., 2-13-26 Makinohonmachi, Hirakata, Osaka

Technology, Kobe University, Kobe, Japan, March 2000 (Dr. Ergom- 573-1144, Japan. E-mail address: shigeo.hase@nifty.ne.jp.
putational systems for design and diagnosis of sound field were developed.

The concept of these systems are based on the model of human auditoréi i hi | and ic i in desiani

brain system[Y. Ando, Architectural Acoustics-Blending Sound Sources, ending architectural and acoustic factors in esighing -an
Sound Fields, and ListeneX&\IP/Springer-Verlag, New York, 1998 in- event hall [43.55.8r, 43.55.Fw, 43.55.Gx, 43.55.Hyl—Akio Takatsu,

cluding the autocorrelation mechanisms, interaural cross-correlation mechés_raduate School of Science and Technology, Kobe University, Kobe,

nism, and the specialization of the human cerebral hemispheres. Thesis co‘#—lpan' March 2001 (Dr. Eng.)in order to synthesize both architectural

sists of the following four parts{l) Computer simulation system for design and acoustic design consisting of temporal and spatial design, a de-
calculating the four orthogonal factor(, t, , Tesand IACO at each seat sign process in which these elements are all considered is proposed in this

using architectural drawings were developed. The accuracy of this system z,%udy. Using t,h's design process, a multl-‘purpose eyent hall, which is part of
examined by comparing the calculated factors with the measured ones &t [2rger architectural complex, was designed. This hall was measured for
Kirishima International Concert Hal(2) The diagnostic system to measure both temporal and spatial orthogonal factors after constructlon,_Wlth favor-
the four orthogonal factors and additional factggs.€ , Wiace and A-valug able results. One goal of this study was to solve the acou§t|c problems
was developed. This system can be used for the measurement in the sc&@used by the rounded shape of the event hall, where the architectural design
model. The effect of the reflectors’ array above stage which cannot calculatBad already been determined by the theme and concept of the complex. In a
at the design stage was evaluated at the scale model measurement wprst-case scenario, had the acoustic problems been solved without unduly
Tsuyama music cultural half3) As an application of the subjective prefer- affecting the architecture of the hall, the process would have been consid-
ence theory, seat selection system to maximize the preference of each indired to be successful. Remarkably, some knowledge about methods to solve
vidual was developed. This system, which is installed in Kirishima Interna-acoustic problems caused by the round shaped architecture was obtained
tional Concert Hall, can find the seat where the preference is maximized bthrough the design process blending architectural and acoustic factors.

the paired comparison test with respect to the four orthogonal fadtrs.
Noise measurement system to measure and identify the environment noise ) o
using the factors extracted from the autocorrelation functid, ., ; and Thesis advisor: Yoichi Ando

1) and the factors extracted from the interaural cross-correlation functiorCopies of this thesis written in English can be obtained from Akio Takatsu,
(IACC, |acc,» andW,acc) was developed. As an example, noises from dif- Showa Sekkei Co., 1-2-1-800 Benten, Minato-ku, Osaka 552-0007, Japan.
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Acoustic measurements and the individual subjective evaluation of the central problems in the psychology of hearing.” This problem is still
for sound fields [43.55.Br, 43.55.Gx, 43.55.Hy]—Hiroyuki Sakai, unresolved, primarily due to observer inconsistency in experiments, which
Graduate School of Science and Technology, Kobe University, Kobedegrades performance making it difficult to compare models. The aim was
Japan, March 2001 (Ph.DAcoustical measurements and individual subjec- to compare human observers’ ability to trade bandwidth and duration, with
tive evaluations for sound fields were performed based on a model of theimulated and theoretical observers. Human observers participated in a para-
human auditory-brain system and subjective preference theory. In the acousietric study where the bandwidth and duration of 500 Hz noise waveforms
tic measurement section, orthogonal factors in historical opera houses amwdas systematically varied for the same bandwidth-duration products
outdoor sound fields in forests are discussed. In the subjective evaluatiotWT=1, 2, and 4, where W varied over 2.5-160 Hz, and T varied over
section, individual differences and intra-individual changes of subjective400—6.25 ms, in octave steps$f observers can trade bandwidth and dura-
preference are described in terms of the orthogonal factors. The main conion, detectability should be constant for the same WT. The observers rep-
clusions are as follows(1) In acoustic measurements in a forest and in a licated the experiments six times so that group operating characteristic
bamboo forest, it is found that multiple scattering effects between trees ofGOC) analysis could be used to reduce the effects of their inconsistent
bamboo improve IACC(2) Results of a preference test in an existing opera decision making. Asymptotic errorless performance was estimated by ex-
house show that subjective preference theory can be applied to opeteapolating results from the GOC analysis, as a function of replications
houses, including the orchestra pit and the box sg&sCoefficient is added.

introduced for individual preference in a sound figld). The investigations Three simulated ideal observers: the energy, envelope, and full-linear
of preference tests in relation to listening leykeL) and subsequent rever- (band-pass filter, full-wave rectifier, and true integratietectors were com-
beration time T,y for a simulated sound field show that subjects with a pared with each other, with mathematical theory and with human observers.
large value ofa have small intra-individual changes, so the range of its Asymptotic detectability relative to the full-linear detector indicates that
preferred value is small. On the other hand, subjects with small value haveRuman observers best detect signals with a bandwidth of 40—80 Hz and a

minor preference as its parameter is changed. duration of 50—100 ms, and that other values are traded off in approximately
) ) o concentric ellipses of equal detectability. Human detectability of Gaussian
Thesis advisor: Yoichi Ando noise was best modeled by the full-linear detector using a nonoptimal filter.

Copies of this thesis written in English can be obtained from Comparing psychometric functions for this detector with human data shows
Hiroyuki Sakai, Graduate School of Science and Technology, Kobemany striking similarities, indicating that human observers can sometimes
University, Rokkodai, Nada, Kobe 657-8501, Japan. E-mail addressperform as well as an ideal observer, once their inconsistency is minimized.

sakaih@kobe-u.ac.jp. These results indicate that the human hearing system can trade bandwidth
and duration of signals, but not optimally. This accounts for many of the
The role of the bandwidth-duration product WT in the disparate estimates of the critical band, rectifier, and temporal integrator,

detectability of diotic signals  [43.66.Ba, 43.66.Dc, 43.66.Fe]—Judi found in the literature, becauga) the critical band is adjustable, but has a
A. Lapsley Miller, Victoria University of Wellington, P.O. Box 600, minimum of 40-50 Hz(b) the rectifier is linear, rather than square-law, and
Wellington, New Zealand (Ph.DTjhe bandwidth-duration product, WT, is a (c) the temporal integrator is either true or leaky with a very long time
fundamental parameter in most theories of aural amplitude discrimination ofonstant.

Gaussian noise. These theories predict that detectability is dependent on

WT, but not on the individual values of bandwidth and duration. Due to the

acoustical uncertainty principle, it is impossible to completely specify anThesis advisor: Dr. John K. Whitmore

acoustic waveform with both finite duration and finite bandwidth. An ob- Copies of this thesis can be obtained from Judi Lapsley Miller,
server must decide how best to trade off information in the time domainNSMRL, Subase NLON Box 900, Groton, CT 06349-5000,
with information in the frequency domain. As Licklidét963 states, “The E-mail address: judi@psychophysics.org or by dowloading from
nature off{the ear’g solution to the time-frequency problem is, in fact, one <www.psychophysics.org.
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Energy radiation from point sources whose duration
of accelerated motion is finite

H. Levine
Mathematics Department, Stanford University, Stanford, California 94305-2125

G. C. Gaunaurd®
Carderock Division, Naval Surface Warfare Center, West Bethesda, Maryland 20817-5700

(Received 1 October 2000; accepted for publication 16 April 2001

A detailed analysis is given of the energy and power measures associated with point sources which
proceed along a rectilinear path in a prescribed and continuous manner that involves a limited period
of acceleration. Attention is focused on monopole source types either singly or in pairs. The
consideration of a single monopole precedes that of a “colliding” pair of such sources that have
either equal or opposite source strengths. In all cases the angular and the joint angular and frequency
distribution of the radiated energy, as well as the total radiated energy, are found at subsonic Mach
numbers, and, for the paired sources, estimates are contingent on small Mach numbers. Numerical
plots of the angular distributions are given, and applications of the analysis include the elementary
modeling of the sound fields radiated by new aircrafts capable of completely reversing their course
in minute distances. @001 Acoustical Society of AmericdDOI: 10.1121/1.1379728

PACS numbers: 43.20.Px, 43.20.Rz, 43.28 REN]

I. INTRODUCTION

1 0
. . P(n,t)z—wj Q(r,H)Q(r',t")
The analytical aspects of radiation generated by sources PoLT J —e

in unsteady motion have been described comprehensivély,
with numerous examples relating to monopole, dipole and X 8"
guadrupole models already contained in the literature. The
present article furnishes new results for pointlike sources thaspecify the overall instantaneous poweft) radiated from
travel at constant speed along a straight line, apart from ghe source into its surroundings and the amd®,t) in a
finite time interval after which their direction of motion is specific direction. The corresponding measures
reversed. In addition to cases of isolated source motion, .
those of “colliding” sources which initially approach and E(n):J P(n,t) dt (4)
then recede from each other also receive attention. w

The analysis presupposes a linear inhomogeneous wave

n
t’—t+E-(r—r’))drdr’dt’ 3

: 1 x
equation: B N
q Wf_mQ(r,t)Q(r )
52 1 i
T2t ¢(r,t)=—p—0Q(r,t) 1) s t/_t+6'(r_r/)>drdr,dtdt’ o
for the scalar quantityj(r,t) representing the velocity po- _ fx - .

tential in a homogeneous medium with sound speezhd
equilibrium density po; here a general source function 5nq
Q(r,t) is present. Expressions for the power and energy that
find direct use in the subsequent development are krowh. w? fm io(t—n-r/0) gy g 2
Thus adopting the notations dQ,,é for an arbitrarily ori- 2mpoc(4m)? _wQ(r,t)e rat
ented unit vector, the element of solid angle about the latter (7)
direction and the symbolic delta function, the relations

E(n,w)=

pertain to the directional and also to the frequency distribu-
tion of the radiated energy.
The particular source function

J
P(v=[ Qo ar= [ v do, @
J
QrH=f(1)[x=Xs(1) ]+ (1) = A X—Xs(1)] ()
and
characterizes a pair of point sources in motion alongxhe
dAddress of new affiliation: Army Research Laboratory, Code AMSRL-SE- axis, one consituting a monOpOIe and the other a d|p0|e with

RU, 2800 Powder Mill Road, Adlephi, MD 20783-1197. Electronic mail: Collinéar axis. In this circumstance, the power outgn, t)
ggaunaurd@arl.army.mil is given by
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FIG. 1. Rectilinear path of the single source in Sec. Il A showing its change
of direction around =0.

) 1 df  f(
P(ny= 16pocm?[1—M(t)cosd] | dt| 1—M(t)cosé
1/c d( g(t)cosh ) 2
~ 1-M(t)cosh dt\1—M(t)cosd/ | | ’ ©
where
1d
M(t):EaXS(t)<l, (10

and the polar angl® is measured from thg direction. For
an isolated monopole of fixed strengih Eq. (9) reduces to
Eq. (7):

P(n,t)=

q?cog 9 (dM)2
(11)

16pocm?[1—M(t)cosd]® | dt

The preceding expressions are employed in the next sec-
tion to determine the radiation characteristics of iSOIatethereM

monopoles which undergo reversals in direction during an

wJ Q(r,t)elet=nr/e) gr dt

=wqfx giolt—cosoxg)/c] g (16)

:wqfireiw[t—M coso(t+7—27/m)] gy

n JT gi(t—(2Mr/m)coso(cos(mti2r) ~ 1) gt
-T

N fxeiw[t—M cosO(—t+7—(27/m))] dt (17)

T

— wqe(Zin/ﬂ')M COS(‘)[ eiwr[ 775((1)(1_ M COSQ))

— ot
w(1—M cosf) €

78(w(1+M cosb))

i
_|_ —
w(1+M cosh)

72
+ (27_/77) e(Zin/w)(o’*M cosf coso) dO’] , (18)
—ml2

:UQ/C.

The relation wé(w)=0 serves to eliminate the delta

otherwise steady linear motion. Sections 1B and IIC arefnctions above, and, after an integration by parts that is

concerned with colliding monopoles of either equal or oppo
site strengths.

‘initiated by writing

(ZwT/W)e(Zin/ﬂ')(o’—M cosf coso)

II. ANALYSIS OF THREE CONFIGURATIONS

A. A monopole in unsteady motion

~1+M cosfsino

i d [e(2iw-r/ﬂ')(0'7M cosf)cos:r)] (19)
(o ’

it is found that

Suppose that the position(t), speedv4(t), and accel-

—o0<X<0 are given by

erationvg(t) of a point which moves along the half-line %
o

ei o[t—cosfxg(t)/c] dt

—

Uo(t+ 7'_27'/77), —OO<t<—T, v M cosé coso
— _ nin(Rior/T)M cosé
Xs(t)=1 2vo(7/m)[cog wt/27)—1], —7<t<r, (12 qie Jw,2[1+M cosésino]?
—t+7=27/m7), T<t<oo, .
vol T=27lm), 7 °° % @(2ior/m)[o—=M cosd cosa] ;- (20)
Vg, —oe<t<-—r,
: Accordingly, the joint angular and frequency distribution of
vs(t) =1 ~vosi(mt/2r), —71<t<r, 13 the radiated energy is
—vg, T<i<co,
q’M? cog 6
0, —w<t<-7, BN 0) = S poc(4m)?
vo(t)=1{ —vom/(27)cog 7t/27), —T<t<T, (14

0, 7<t<oo,

as shown in Fig. 1. Let these be the kinematical parameters

of a coincident monopole with fixed strength On substi-
tuting the pertinent source function,

Q(x,t)=qd[x—xs(t)], (15
into the integral, Eq(7), for E(n,), it is found that

32 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001

fw/z COSo COSu
X . .
_ 21+ M cosésinag]?[1+M cosé sinu]?

Xexd (2ior/m)(o— )
—(2iw7/7)M cosh(coso—cosu)]dodu, (21)

and, after integration over all frequencies, the directional
spectrum of the radiated energy turns out to be
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FIG. 2. Angular distribution of thgnormalized energy radiated by the
moving monopole, Eq(22), for Mach numbers in the range =0.10 to
M=0.25.

Eo _qZMzcos’-efw/Z cos odo
(0)= 32mpeCT ) mpl1+M cosésing]’
_ g°M?cos 6[1+(M?/4)cos 6] -
~ B4pocr[1—M?Zcos0]? (22
where
Ezzwf E(@)sinode
0
_ g°MZa[1-(M?%/4)]
~ 48pcr1-MZ]?
_aMm 1+9M?/4 M<1 23
_48p0CT[ + +'..]l < ’ ( )

specifies the total radiated energy.
It may be noted that the result in E?2) fully agrees

with the outcome of another determination based on th

power formula, Eq(11), viz,

E(0)=J’:P(0,t) dt

q? J'w cog A(dM/dt)?

" 16m2poC 7oc[1—M(t)cosa]5dt’ (24)
where
_[=Msin(zt/27)  for [t[<r,
M(t)= constant otherwise. (29

H .
2 0 RO

FIG. 3. Rectilinear path of a pair of monopole sound sources on a collision
course. Each source reverses direction after collision.

It is clear that for very small values af—which would
occur for truly instantaneous total reversals in course
direction—there would be a very large energy output from
the source, as could be verified from Eg2).

There are current aircraft that can incredibly undergo a
180-degree change in direction practically on a dime. Inter-
active videos of such performances were available to the
general public, among other places, at the website http://
www.usnews.com/whispers during the week of 26 March
2001. The videos show the eye-popping hyperacrobatics of
the new Su-37 Russian super Flanker fighter jet. A simplified
model for the sound field radiated by such aircraft could be a
point source reversing course as we have just described it
here. Two such aircraft approaching each other and then
quickly completely reversing courses, in a standard maneu-
ver of air-shows, can also be modeled in an elementary fash-
ion, by the present approach, as will be illustrated next.

B. “Colliding” monopoles

Consider two monopoles of strengthsq on the
negative/positive ranges of theaxis, which initially ap-
proach and subsequently recede from the origin “im-
pact” point) in a symmetrical fashion, as shown in Fig. 3. If
their respective coordinates and speeds are denoted by

xPy<o, xPty=-xM(t)>0,

26
vgl)(t)= _ng)(t), (26)

andx{") andv{V are defined as in Eq$12) and (13), then

éhe substitution of the composite source function

Q(r,t)=ga(x—xM (1) —qa(x+x2(1)) 27)

into the integral of Eq(7) yields, with a rearrangement in the
manner employed earlier,

wJ Q(r,t)elet=nr/e) gr dt

) 2
=—Maqi COSHJ coso
— /2

e(2iwr/7T)M cos O+ (2iw7/m)(oc—M cosé coso)

X —

In the aboveM =v,/c. Therefore, the radiated energy var- (1+Mcosfsino)

ies inversely with the time spanr2of accelerated source e~ (2iwr/mM coso+ (2iwr/m)(o+M cosd coso)

motion. + do, (298

A plot of the dimensionless radiated energy (1-M cosdsina)*
64pocTE(6)/9% vs 6 from Eq. (22) is shown in Fig. 2 for where the second term is obtained from the first by the sub-
four different values ofM ranging fromM=0.10 to M stitution M— —M and g— —q. Substitution into Eq.(7)
=0.25. The plot is obviously symmetric with respect to theyieldsE(n, ), and integration over all frequencies gives the
direction of motion, and its two lobes are seen to grow indirectional distribution of the total radiated energy in the
size with increasing Mach numbers. form
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q’M?cog 6 (72 8 o— u+2M cosfd—M cosé(coso+ cosu)]|CoSo CoSu
dodu, (29

* — + _ - -
E*(0)=2E(6) 16mpoCT i (14+M cosé sing)?(1—M cosé sinu)?

wherefR denotes real parg(6) is the angular pattern in Eq. cogd [d?p\?

(22) characteristic of each source in isolation, which is P(n,t)”m(w)

shown in Fig. 2, and the remainder of Eg9) constitutes an 0

interference term arising from the interaction between the 2Mm?2 2 2

pair of sources. To reduce E(R9) requires the analysis of “16p,c2° gcos (mt/27). (37)

the implicit equation, .
P g Consequently the energy output is

o— u+2M cosf—M cosé(coso+ cosu) =0, (30 . T q2M27
that definesr, say, as a function oft.. We now let E:27-rf0 smadaﬁrP(n,t) dt= 12pOCT(M<l)’
e=Mcosl, o=u—ef(o,un), (38)
(31  in full agreement with Eq(35).
f(o,u)=2—coso—cosu,
and then Lagrange’s expansion formula wéti 1, C. Further analysis of equal /opposite strength
- 0 o1 colliding monopoles
o=p+ > (—1)"— ——[f(o,u)]" , (32 To appreciate why the source pairs of equal/opposite
n=1 n' dO’ _ . .
o=p strengths generate different orders of acoustical energy out-
implies the development put, consider the retarded potential representation
o=p—2e(1—cosu)+2e”sinu(l—cosu)+--. B(r,t)= - f Q(r ,t—|r,—r I/C)dr’, (39)
(33 4mpg Ir—r’|
Similarly, and the circumstances which permit a multipole expansion of
the potential. Let the spatial extent of a source domain be
) i - L€ dnt N small enough foiQ to change only slightly in the time re-
Sln(f:Sln,qunZl (=" ggnzleosa(f(o,m))”] quired for a sound wave to traverse it. In other words, the
TR largest frequencies= w/27 present in the Fourier decom-
=sinu—2e cosu(1l—cosu) position of the source density functi@d must be such that
5 vL/c<1, wherelL is a characteristic dimension of the source
+2€?sinu(—1+3 cosu+2 o u)+--, (34 domain. Equivalently, the corresponding wavelength

and an analogous expression for ooalso holds. On the = C/¥ must be such that>L. Then, the difference in re-

basis of these and additional developments in poweescof ~ tarded times,t—|r—r’|/c, between various parts of the
M _ it is found that source distribution is small, and to a first approximation, all

retarded times can be identified with that of a fixed point, say
the origin of coordinates. More precisely, the difference be-
tweent—|r—r’|/c andt—r/c can be taken into account by
expansion of the source function, thus

ET:27-rf E*(6)singdo
0

_q2M2w+q2M4 8 = + 35 rt—|r—r’|/c)=Q(r’',t=ric)+(r—|r—r'])
= 120007 | pocr |15 16 : (35) Q(r, =Q(r’,
J
which for M <1 describes the total radiated energy for inter- X(1lc) EQ(r’,t— r/ic)+---. (40

acting monopole sources of opposite strengths. If the mono-

pole pair has equal strengths, then a lesser energy level is A more direct procedure is possible if we are primarily

found, viz,, concerned with the far field.e., the field at large distances
P from the center of the source regjomMow, |r’| is regarded

(ml4—8/15) +---(M<1). (36)  as small compared to whenever it occurs in the retarded

E =
T poCT otential expressions, though now a separate approximation
p p ) g p pp

The leading term in Eq(35) can be derived from a dipole

source whose momepi(t) =2qx,(t) is suggested by a pair q <_—.q

of oppositely signed sources with a variable separation .|—> | z
2x4(t), as illustrated in Fig. 4. Thus, applying the represen- [ L= 2z,(t) |

tation Eq.(9) whenf=0 andg(t)=p(t), and replacing the s
Doppler factor -M(t)cosé by unity, an approximation fig. 4. Rectilinear path of a colliding pair of oppositely signed sources
valid for slow motions, one obtains showing their dipole momeng(t)=qL.
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for the wavelength applies. Hence, we introduce a Taylor qM? w ' T w(t—r/c)
series expansion = WZwJO cog esmedaL cosTdt
r',t—|r—r'|/c 272
i _| ; | )=[1—r’~V+(1/2)(r'~V)2—“‘] _aMTm (51)
|r r | 12[)007',
XQ(r',t—r/c) (419  Which agrees with the leading term of E@S5) for opposite
r strength monopoles. For a pair of equal strength sources, the

dipole moment vanishes and the unsteady source representa-

into Eq. (39 and obtain tion is quadrupolaryiz.,

q(t—r/c) 1 m(t—r/c) q &
= ot dmpe’ T SO~ 2 =rio)]. (52)
1 I'(t—r/c ing i is far-fi - i i
4 V.V ( ) T (42) Proceeding like before, this far-field estimate yields a radial
8pg r energy flux
where the total source strength, the dipole moment vector, _qZM“coé‘e Cm(t=rlc) 1  w(t—ric)]?
and the quadrupole moment dyadic are, respectively, S= dpocr2r? SN T T '
(53
q(t)=f Q(r,t)dr, M(I)ZJ' rQ(r,t)dr, and the amount of energy radiated during a time-spaiis2
I‘(t)zf rrQ(r,t) dr, E= aper (54)

which shows a small discrepancy with the previous result in
Eq. (36). However, a direct approach using the quadrupole
strengthl’,,= 2qx§(t) jointly with the representation

‘B= B codg [d®1
AB Z EJ: AiBii- (44 P(n,t)ZW g 2 Dl

For a pair of colliding monopoles with the characteriza-and thex(t) in Eq. (12) gives

where the dyadic notatioA:B is employed to signify an
inner productyiz,,

2

(59

tion i
_ cod 9 [vomq Cat ot ]?
Q) =qalr—r(t]=qsr+ryv)], (45) PN = Tem25005| | 2SN —sing )| (59
the quantities in Eq43) are specified by and its integral over the time-spamr s
29, @, fT 5 die q’M*cog'6 32 5
av=1, o (46) Py dt="g 37/ ®7
0, @, Then the energy radiated in this symmetrical case is
M(t):{ (47)
2 T T
ars(®), &, E=27rf sinedaf P(n,t) dt
0 -7
2qrg(t)rg(t), @,
= poer |4 157" 8

For an asymmetricdl.e., oppositely signedsource pair,
which fully agrees with Eq(36) for a pair of monopoles of

) —2q d [x4(t—r/c) equal strength in a collision course.
. )~47Tp0 IX r
—-gM @ (t—r/c)
~ sin cos4, (49 Ill. CLOSURE
2arpor 2T

This article has dealt with some cases of radiation from
point sources which undergo acceleration only during a finite
m(t—rlc) time interval, and it presents a manner of analyzing paired
. source combinations at small Mach numbers. In all cases
(50) considered, the total energy radiated and some of its angular
or spectral distributions are determined and graphically dis-
Hence, the total energy radiated during the time spams2  played.

and the radial far-field energy flux is

dp dp  g°M? cos @
cog

S= P0G Gr T Tepger? 12 27
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Optimal focusing by spatio-temporal inverse filter.
I. Basic principles
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A focusing technique based on the inversion of the propagation operator relating an array of
transducers to a set of control points inside a medium was proposed in previouhanté&ret al.,,

J. Acoust. Soc. Am108, 223—-234(2000] and is extended here to the time domain. As the inversion

of the propagation operator is achieved both in space and time, this technique allows calculation of
the set of temporal signals to be emitted by each element of the array in order to optimally focus on
a chosen control point. This broadband inversion process takes advantage of the singular-value
decomposition of the propagation operator in the Fourier domain. The physical meaning of this
decomposition is explained in a homogeneous medium. In particular, a definition of the number of
degrees of freedom necessary to define the acoustic field generated by an array of limited aperture
in a focal plane of limited extent is given. This number corresponds to the number of independent
signals that can be created in the focal area both in space and time. In this paper, this broadband
inverse-focusing technique is compared in homogeneous media with the classical focusing achieved
by simple geometrical considerations but also with time-reversal focusing. It is shown that, even in
a simple medium, slight differences appear between these three focusing strategies. In the
companion papefAubry et al, J. Acoust. Soc. Am110, 48-58 (2001)] the three focusing
techniques are compared in heterogeneous, absorbing, or complex media where classical focusing is
strongly degraded. The strong improvement achieved by the spatio-temporal inverse-filter technique
emphasizes the great potential of multiple-channel systems having the ability to apply completely
different signal waveforms on each transducer of the array. The application of this focusing
technique could be of great interest in various ultrasonic fields such as medical imaging,
nondestructive testing, and underwater acoustics.2091 Acoustical Society of America.

[DOI: 10.1121/1.1377051

PACS numbers: 43.261f, 43.20.Bi, 43.20.El, 43.20.FRANN]

I. INTRODUCTION Steinberd* have shown that this is not a complete solution

. . - . __pf the aberration correction problem. The aberrations cannot
A wide range of ultrasonic applications, such as medmaE described onlv b h distortion: rather. an amolitud
imaging or therapy, but also nondestructive testing and unae described only by a phase distortion, ratner, an amplitude

derwater acoustics, requires the focusing of an ultrasonig'Stort'Or? alsp. has tp be tqken Into accqunt: o
beam deep inside the medium under investigation. Focusin The inability of ime-shift compensation in the receiving

is classically obtained by the assumption of constant soun pert.ure to correct per_fectly for the effect of a phase.a.nd
speed in the medium, and hence the application of a Cy”ngmplltude screen that is not located close to the receiving

drical time-delay law on the elements of a multiple- aperture was shown experimentally and explained by Wu

transducer array in order to compensate for the time-of-flighft a'-r_sb In 1994, Liu and Waagproposed to model the ab-
differences between elements. This classical focusing is urkrating medium as a phase screen located at some distance
fortunately strongly degraded for a heterogeneous mediunffom the receiving aperture. In that case, amplitude and
However, most ultrasonic medical systems do not take int¢®hase distortions can be removed by numerically backpropa-
account the inhomogeneities of human tissue. The same agating the wavefront to the aberrating layer before applying

sumption is often made in nondestructive testing and undeithe time-shift compensation.
water acoustics. However, in many configurations, the aberrations cannot

In medical applications, the degradations induced by tisbe modeled as a thin phase and amplitude screen located at a
sue heterogeneities on the ultrasonic focused beam, knov@iven distance from the array. Heterogeneities are dispersed
as wavefront aberrations, have been widely studied during the whole insonified area. For a pulsed echo, each spectral
the past three decadt&However, most investigations mod- component of the signal emitted by each element of the array
eled the aberrations as a very thin layer located close to thié subject to different phase and amplitude distortions: there-
array which only introduced varying time delays along thefore, the optimal focus can only be achieved by applying a
array aperture. Thus, scientists working in the medical ultradifferent waveform on each transducer of the array. It
sound domain restricted their means of compensation to timstraightforwardly emphasizes the utility of array systems
shift in the transmitting and receiving aperture. By studyingmade of independent and completely programmable emitting
wavefront distortion due to breast tissue, Zhu andtransducers. Time rever§dl was shown to represent an
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FIG. 1. Properties of the time-reversal process. . . "
FIG. 2. The propagation operato(r,r ’,t) relating the emitting plane to the

reception control plane is discretized by a sef ®fx J] temporal signals,

original and elegant way to compensate for distortions due t8(™:t). called the source-transducer impuilse responses.

such varied heterogeneous media. Indeed, if linearity and
spatial reciprocity assumptions are valid in the medium, théhe physical meaning of the singular-value decomposition of
time-reversal focusing process corresponds to a spatial aritle propagation operator is illustrated and explained for a
temporal matched filté? of the propagation: In other words, homogeneous medium. In Sec. IV, this formalism and its
the time-reversal process maximizes the output amplitudémplications are extended to the time domain. In particular,
received at a given location and a given tirttae signal an expression for the number of independent waveforms that
amplitude received at focus at a given tinfier a given input  can be created during a given tirffein the focal plane is
energy(corresponding to the signals applied on the emittinggiven.
array). Note that time-reversal processing only optimizes the  The theoretical explanations are illustrated by simulation
pressure amplitude received at focus but does not impose ampd experimental results conducted in a homogeneous me-
constraints on the field around the focus. However, thiglium (watep. For our purposes, the classical and time-
simple property of linearity combined with spatial reciproc- reversal focusing techniques are compared in a homogeneous
ity explains the strong robustness and efficiency of the timemedium to the spatio-temporal inverse-filter technique. Sur-
reversal process in such varied domains of application aprisingly, we observe that even in a such simple case the
medical ultrasound nondestructive testintf,and underwa- three techniques differ slightly. Indeed, due to their typical
ter acoustics® Moreover, as long as information losses dotechnical characteristicinite size and impulse response
not appear, the time-reversal invariance of the wave equatioifie transducers induce limited spatial and frequency band-
holds and thus the spatial and temporal matched filter correwidth both on transmit and receive signals. We will see that
sponds to an inverse filter of the propagation. Therefore, timghese limited bandwidths are responsible for the differences
reversal applied on a closed surface surrounding a lossle§etween the three focusing techniques in homogeneous me-
medium ensures the optimal focusing. dia as they can be considered as partial losses of information.
When information losses appear during the time-reversal ~ As the aim is, of course, optimal focusing in more com-
process, as was shown in Ref. 10, time reversal can no longgtex media such as those with heterogeneities in sound
be considered as an inverse filter of the propagaffég. 1).  speed, density, or absorption, but also reverberating, chaotic,
If we want to construct such an inverse filter, we have toor multiply scattering media, a companion paper, hereafter
acquire the whole propagation operator relating the emittingeferred to as Paper Il, will demonstrate some potential ap-
surface(the transducer arrayto a set of control points sur- plications of this new focusing technique achieved by spatio-
rounding the desired focu@ our case a control plane that temporal inverse filter and its impressive efficiency in com-
will be referred to as the focal plandn fact, this propaga- parison with classical or time reversal techniques.
tion operator acts as a spatio-temporal filter on the emitted
signa!s and its inyersion. allows us to recover the optimalll_ THE PROPAGATION OPERATOR {h,, }(1)
focusing on a desired point of the control plane. Contrary to /
the time-reversal process, this focusing technique optimizes We define the linear operator relating the elements of the
not only the pressure wave field received at the focus butransducer array to a set of control points embedded in the
also imposes constraints on the signal received on each pointedium. The signals applied to the transducer elements are
of the control planghere, the focal plane The problem of the input of the linear operator, and the output consists of the
imposing constraints on control points located inside the mesignals measured on the control points.
dium can be related to the active noise control approach en- For simplicity, we restrict ourselves to a one-
countered in room acousti¢$® but also to the radiation dimensional array of transducers and a spatial sampling of
pattern control developed for ultrasonic hyperthermia bythe field, the set of control points, along a line parallel to the
Seipet al?® and by Ebbini and Caiff array aperture, Fig. 1. This choice is strictly for convenience
The restriction of this inverse filter process to a mono-and the process can be applied to 2D arrays and a set of
chromatic approach was described with a matrix formalisncontrol points distributed as desired in the medium. We de-
in Ref. 10. The aim of this paper and its companion is tofine an impulse responsey(t), for each pai(m,j compris-
extend this formalism to the time domain. Section Il intro-ing a control point and a transducer element suchha(t)
duces the spatio-temporal propagation operator. In Sec. llis the signal received on thath control point after a tem-
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poral delta function is applied on thgh transducer of the the problem is introduced by computing the singular-value
array, Fig. 2. This response includes all the propagation efdecomposition of the matriki before inversion
fects through the medium under investigation as well as the ~

) H=UDV. (5)
acousto-electric responses of the array element and the re-
ceiver. As the transformations are assumed to be linear artdere,D is a diagonal matrix of singular valuéarranged in
invariant under a time shift, th xJ temporal functions decreasing ordg¢rand U and V are unitary matrices. The
hmi(t) for 1=sm<M and Isj<J can describe any matrix inversion is only applied to the maine., physically
transmit—receive operation for the same arrangement. Thi®levani singular vectors of the singular-value decomposi-
set of M X J temporal functions characterizes theopaga-  tion of H. It gives rise to a noise-filtered approximatibin *

tion operator of the inverse matrisH !
Indeed, letej(t), 1<j=<J, be theJ input signals on the

r 71 DY DY DY 7
transducer array. The output signdlg(t), 1=m=M, re- Ay 0 0
ceived in the control domain are given by o - 0 :
’ N 0t e
fu(D)=2 hpi(DFe(t), 1<m=M, (1 H=VDTU=v| . 0 L)
=1 . .
where* is a temporal convolution operator.
A temporal Fourier transform leads to the following re- o - - e e 0
lation: whereN is the number of physically relevant singular values.
J In 1956, Gabor showed that this numidéis associated with
Fm(w)= 21 Hmj(w)Ej(w), 1sms=M. (2)  the number of eigensolutions of the homogeneous Helmholtz
_ . o . equation’
Equation(2) can be written in matrix form As soon asH has been experimentally acquired;*
F(w)=H(w)E(w), (3)  can be easily calculated. Then, we need only to choose as an

objective the field distributiof-; we would like to generate
on the control points. Giverk,, the inverse propagation
matrix H ! provides for a straightforward calculation of the
monochromatic vectoE to be emitted on the array. This
emitted field will then give rise, after propagation to the con-
trol plane, to a directivity patterf ,

where E(w)=(Ej(w))1<j<; is the column vector of the
Fourier transform of the transmitted signals aRqw)
=(Fmn(®))1<m=m is the column vector of the Fourier trans-
form of the received signals. The transfer mathi w)
={Hnj(®)}1<m=m1<j<; describes the propagation in the
medium from the array to the set of control points for a

chosen frequency component and thus is calledntio@o- (1 0 - - - 0]
chromatic propagation matrix 0 1 0 :
A 0 1 .
ll. THE MONOCHROMATIC APPROACH: THE For=HH'Fo=U : 0 : UF. (7)
SPATIAL INVERSE FILTER
ﬁ._l’he monochromatic inverse propagation matrix 0 0

. 0 . . This field F, is the best fit ofF in terms of the least-mean-
In previous work'® we explained how to deal with an L . .

: . : ) : : squared optimizatioff Equation(7) shows that the focusing
inverse diffraction experiment in the monochromatic case. In

that case, the aim was to determine the desired field distri(—)btalned by propagating the emission vector calculated by

. monochromatic inverse filter process can be easily predicted:
bution E on a boundary surfacéhe transducer arraythat . erp > casly p
. ) ; . NS it corresponds to the projection of the objectiFeon the
would give rise after propagation to the field distributien . . .
nonzero singular vectors of the propagation matrix. Thus, as
on another surfacéhe focal plane or control planeAs we

. . . soon as we acquire the propagation matrix we can numeri-
wish to focus in the focal plane, we typically take as the q bropag

. ; . . cally predict the optimal focusing , that will be obtained
target patterr- either a spatial delta function or the optimal by the system in the control plane.

focusing obtained in homogeneous medium. To solve this
problem, we first acquire the direct propagation mattix
between the transducer array and the focal plane and th
invert it. Thus,E andF are related by

F=HE=E=H'F. (4

é?r’i The singular value decomposition of the
monochromatic propagation matrix

As mentioned above, the singular-value decomposition
allows us to separate the rar¥ of the monochromatic
As is the case in all inverse problems, the inversion of thepropagation matrix from its physically irrelevant kernel.
propagation matrix is ill-conditioned® Numerically, the How can we predict the numbét of degrees of freedom of
solution to the inversion does not depend continuously on thél?
data, but rather, small errors in these data produce very large This numbem of relevant singular values has been pre-
errors in the reconstructed results. Thus, a regularization aficted and explained in previous wotkthe limited aperture
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Array of J =128 transducers Set of M 1
(f,=1.6 MHz, f, = 20 MHz) =128 control

0 2 4 6 8
Time (s )

F=100 mm

FIG. 3. Simulation and experimental setup.

of the emitting array limits the maximal information content 0 1 2 3 4 5

that can be conveyed by the field. Indeed, the limited aper- Frequency (MHz)

tL_jre of the array m_trOduceS_ a cutoff in the an_gula_r frequen'FIG. 4. Computed acousto-electric impulse respay(gg of the tranducers
cies of the wave field received at each location in the Meand the absolute value of its Fourier transform.

dium. In our configuration, the numbét of spatial degrees

of freedom necessary to define the monochromatic field re-

ceived in the control plane is given by: quencyw= wq, the propagation operator is described by the
monochromatic propagation matrix(wg)
2L
N= Tsin tanflﬁ , (8) v{m,jle[1M]x[1J],
. i . F R( )e—jwo-dmj/c (11)
whereD is the array aperturd; is the distance between the H -(w0)=D( cos‘l—) wo
array and the control plane, ahds the aperture synthesized m dmj dmj '
by the set of control points, Fig. 3. This definition Nfis whereR(wo) is the Fourier component aft) at frequency

valid until L>D. Thus, this definition remains valid in the wol27r.
near field of the transducers. Finally, in the Fresnel assump-" This matrix has been computed aty/27= 1.6 MHz.

tion, this formula can be simplified in The singular-value decomposition of this matrix leads to the
LD singular-value distribution shown in Fig. &ertical dashed
N=1F- (9 line) We can see that the theoretical numbepredicted by
Eq. (8) provides a good estimatdNE 43) of the boundary
In this final case, we easily recognize the number of indepetween the physically relevant singular values and the
pendent focal spotdateral resolutiol\F/D) that the array is  npoise.
able to generate in the apertureof the image plane. What is the physical meaning of these main singular
As an example, assume that we use a 127-transduc@ectors of the monochromatic propagation matrix? First of
array working at a central frequency of 1.6 MHA ( all, we observe that each singular vectgrof the propaga-
=0.93mm). The signal sampling frequency is chosen to bgjgn matrix satisfies
equal to 20 MHz. The array aperture is equal to 63 mm. The _— e it S )
array pitch is 0.5 mm, nearly equal %02. A set of 127 H*HV;=(VD'U*UD'V*)V;=(VD“V*)Vi=A1V;.
control points is located along a line parallel to the array (12
aperture in the plang=F=100mm. The spatial step be-
tween two control points is equal to 0.5 mm. 1 .
We define the acousto-electric impulse respar(sg of \
the transducers; see Fig. 4. This signal corresponds to the
ultrasonic signal generated by a transducer when a delta
function is applied on this element. We also introduce a
transducer directivityD(6) =sinc(d#6/\), taking into ac-
count the finite sizel of each elemen(for sake of simplicity,
we assume the directivity to be independent of frequgncy
The propagation operatonn,(t) is then defined by the
transducer—receiver impulse responses

(=]
[>:)
/
z
It
N
w

o
<))

o
Y

Singutar value

o
[¥)

|

\
V{m,j}e[1M]X[1J], L
F | r(t—dm/c) (10 20 40 e 8 100 120
hmi(t)=D| cos *— | ————, Singular vector N°
: i/ dmy
. . . FIG. 5. Computed singular-value distribution for the described configura-
whered,; is the distance between tineth control point and  {ion dashed line. Comparison with the experimental distribution in the same
the jth transducer. In the Fourier domain at a chosen freeonfiguration solid line. Equatiof8) predictsN=43 freedom degrees.
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array Points 0 0.2
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FIG. 6. Physical meaning dfi singular vectors during a thought experi- 0
ment: an iteration of the time-reversal operation between the array of trans- _wW 0.1
ducers and the set of control points. If we emit the ve&g#V; on the 100 0
array at the beginning of the first iteration, then we eBt=\?V; at the 20 40 60 80 100 120 20 40 60 80 100 120

beginning of the second iteratiol: is an invariant of such a process. Transducer nb. Transducer nb.

FIG. 7. Amplitude and phase representation of four main singular vectors of
the propagation matril(r,o=w,) at a chosen frequendy,=1.6 MHz.

Thus, the singular vectors of the propagation matrix corre-
spond to the eigenvectors &1* H known in the literature as  jugate after propagation from the array to the control plane.
the time-reversal operatb?.This matrix has been introduced \We can confirm this with the phase representation of the
by Prada in the D.O.R.T. method for target detection in nonsingular vectors. For each singular vector, the two semiplane
destructive testing but also underwater acoustics. In our casgaves cross each other during propagation and finally re-
we can give another physical meaning to thi§ H matrix  cover the phase conjugate form of the initially emitted vector
by introducing the following thought experiment: emission (Fig. 8). Analogous behavior was recently observed by Lin
of a singular vectol; on the transducer array. After propa- et al. in the time-domain eigenfunctions of a scattering op-
gation in the medium, the wave-field distribution received inerator in the case of 2D arra%.
the control plane isHV;. This wave field is then time- Furthermore, we can analyze the spatial frequency dis-
reversed(which simply consists in a phase conjugation op-tribution of these singular vectors. Figure 9 represents the
eration for this monochromatic cas@hen, we obtain after spatial Fourier transform of four main singular vectors. As
propagation in the medium the vecthtH* V¥ =\?V} on  previously stated, the first singular vector clearly corre-
the array of transducers. Here, we only assume the spatighonds to the zero-angle plane-wave emission. The subse-
reciprocity of the mediuntin other words, the propagation quent singular vectors correspond to progressively increasing
from the control plane to the array is described'Hy. This spatial frequencies.
vector received on the array is finally time-reversed to Finally, the entire set oH singular vectors can be rep-
achieve a first iteration of a time-reversal experiment beresented in the spatial Fourier domafig. 10. We clearly
tween two limited apertures. Thus, we finally obtain the vecrecognize the increasing spatial frequencies of the 43 main
tor A2V, ready to be emitted for a second iteration. In con-singular vectors. The following singular vectors correspond
clusion, a singular vector dfi remains invariantto within  to very weak singular values and so can be considered as
the factor\?) during a double time-reversal experiment be-representing the kernel of the propagation matrix.
tween the two aperturg§ig. 6). This matrix H(w=w,) has been experimentally ac-

Moreover, we are here in a particular configuration: thequired in the same configuratidfig. 3). As previously no-
array and control points apertures are parallel, have the same
symmetry axis, and the same widffig. J). In this particular
case, the singular vectors can be to some extent related to the
plane-wave decomposition. Figure 7 represents the ampli-
tude and phase of four main singular vectors. As one can
notice, the first singular vector corresponds to the emission
of a plane wave in the direction perpendicular to the array
aperture. The next ones correspond to the emission of two
symmetric plane waves on the array apertiig. 7, singular
values numbers 28, 31, and)4TThe angular direction of
these plane waves progressively increases as the singular-
value weight decreases.

Due to the spatial symmetries of the configuratiéh,
satisfies the relatiohl ='H and thusU=V*. Each singular
vectorV; then satisfies

Eigenvectors after

Eigenvector n° 1 :
propagation

1 &

suerd jonuo)

Emitting Array

FIG. 8. In the configuration corresponding to Fig. 4, the main singular
HViz)\iUi:)\iVi* . (13 vectors represented in Fig. 7 correspond to “semiplane” waves that are
changed into their conjuguate after propagation from the array to the control

Thus, each singular vector is transformed into its phase corplane.
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FIG. 11. Experimental acquisition of the propagation matt{(x = w,) at a
0 chosen frequencf,= 1.6 MHz. Here, we represent the spatial Fourier trans-

-0.5 0 0.5 1

Spatial Frequency (mm-1) form in the emitting plane of the whole singular vectors, in others words the

spatial Fourier transform of. The number of freedom degrees agrees with
the predicted onéN=43, Fig. 5, solid lin¢. The amplitude is plotted on a

FIG. 9. Absolute value of the spatial Fourier transform of the four previous
dB gray scale.

singular vectors of the propagation mattir,o=wy) at a chosen fre-
quencyfy=1.6 MHz.

classical diffraction limits(the well-known sinc directivity
ticed in Fig. 5(solid line), the singular-value distribution of Pattern and cannot recover a spatial delta function. This il-
this experimental matrix clearly agrees with the computedustrates the physical meaning of the main singular vectors as
result. The spatial Fourier transform of the singular vectorghe optimal attainable focusinthere, the sinc function of
of the experimental matrix has also been performed and ca#assical diffraction theory corresponding to the projection
be compared in Fig. 11 with the computed one in Fig. 100f the objectiveF on the main singular vectofs.
We observe again in this experimental acquisition the spatial  The experimental acquisition dfl allowed us also to
frequency Components represented by each main Singu|§alculate the emission vectir This vector has been eXperi'
vector. Figure 12 presents the spatial Fourier transform ofentally reemitted by the array and the wave field generated
the singular vectors of the experimental matrix at a highein the control plane has been scanned by a small acoustic
frequency‘f =2 5MHz. As the frequency is higher, the num- receiver. This eXperimental monochromatic fOCUSing pattern

ber of degrees of freedom and also the exploited spatial freF exp Obtained by inverse-filter focusing is also presented in
quency range is bigger. Fig. 13 and shows the same result as the predidtignde-

rived from Eq.(11).

C. Spatial inverse filter focusing: Simulation and
experiment IV. THE BROADBAND APPROACH: THE SPATIO-

As explained in Sec. IllA, we choose as an objectiveTEMPORAL INVERSE FILTER

F={0,0....,0,1,0,....p In Fig. 13, we present the focusing The previous results concern only one monochromatic
patternF . obtained for this monochromatic case on the concomponent of the propagation operator. However, these re-
trol points. This focusing pattern is first presented for thesults can be extended to broadband signals. In that case, the
computed matrix corresponding to HdJ). F, is of course  propagation operatofh;;}(t), defined on temporal domain
different from the spatial delta vectdt. Due to the array (0<t<AT, can be described in the Fourier domain by a
limited aperture, the spatial inverse filter is limited by the
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o TRt [ cod i
’E . g i TR R 20 Eod -
’ ey > e AR 1
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Singular vector N° Singular Vector N°

FIG. 10. Spatial Fourier transform in the emitting plane of all singular FIG. 12. Experimental acquisition of the propagation maktiw = wg) at
vectors of the propagation matrid(w=wy) at a chosen frequencfy, another frequencyf,=2.4 MHz. Here, we represent the spatial Fourier
=1.6 MHz. One can notice that each singular vector bound to a nonzereransform in the emitting plane of the whole singular vectors, in others
singular value represents a single spatial frequency. The dashed Ide at words the spatial Fourier transform wf The number of freedom degrees
=43 [corresponding to Eq(7)] separates the physically relevant singular agrees with the predicted oe=68. The amplitude is plotted on a dB gray
vectors from the noise. The amplitude is plotted on a dB gray scale. scale.
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whole set of monochromatic propagation matridééw).
The singular-value decomposition is then applied indepen-
dently to each monochromatic matitik( ).

Singular value

A. The spatio-temporal singular-value distribution

15
120 1
By applying the singular-value decomposition of the 05 Freq (MHz)

p_ropagatlon opt_era_tor _fOI’ each frEquenW’ the entire FIG. 14. Spatio-temporal singular-values distribution of the simulé&ed
singular-value distribution;(w) can be represented as a 2D ang experimentalb) propagation operatdih;;(r 1)}

surface. This singular-value distribution corresponding to the

computed propagator defined by Efj0) is presented in Fig.

14. According to Eq(8), the number of degrees of freedom Where{f,,fmad defines the frequency bandwidth of the ar-

of each monochromatic matrix depends linearly on the frefay. If we introduceBy, the frequency bandwidth of the
array Bi="fma—fmn) and its central frequency.= (fnax

quency
+fnin/2, we obtain
M) 2|_f inl t 1D) (14)
=—fsin tan 'z=].
2Lf D
Co 2F N=—SBAT sin tan‘lﬁ). (17)
This straight lineV(f ) has been plottedwvhite line) in Fig. Co

14(@). As one can readily observe, this definition M) e recognize here the product of the number of degrees of

clearly defines the space corresponding to the relevant sifreedom for the temporal dimensid@f AT with the spatial

gular values in the computed singular-value distribution prenymper of degrees of freedom for the central frequency. The

sented in Fig. 1é). Figure 14b) corresponds to the broad- resylt comes from the mean value theorem combined with

band singular-value distribution of the propagation operatofhe fact that the spatial number of degrees of freedom in-

acquired experimentally under the same conditiéfig. 3)  creases linearly with the frequency. This numbércorre-

We clearly obtain the same results on these experimentalyonds to the number of spatially and temporally indepen-

data. Again, the straight lin&/(f ) given by Eq.(14) fits the  gent signals that can be induced by the emitting array in the

area defined by the negligible singular values. _ control plane in a finite time domaiAT. In the Fresnel
For broadband signals, as space and time are indepeRssumption, one can verify that this numbéfis easily re-

dent variables, the global numbaf of spatio-temporal de- gyced to the simple product

grees of freedom induced by the emitting array of transduc-

ers in the control plane corresponds to the summation over LATB;

frequency of the number of monochromatic degrees of free- T s

dom multiplied by the duration of the signa\,T

(18

; This result is the extension in both time and space dimen-
N=ATJ "N(f )df. (15)  sions of Eq.(9) for which A"was found equal to the number

fmin of independent focals spotsvhose width was equal té
=\F/D) that the array is able to generate in the aperture
Here, we take also the number of impulse respolsbese
length is equal to B;) that can be independently introduced
in the time windowAT.

Integration over frequency gives

LAT
N= o sin

0

D
tan” 1?) ( fmax_ fmin) ( f maxt fmin) ’ (16)
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Acquisition of the The whole space-time inverse-filter focusing process is de-

Propagation operator scribed by Fig. 15. Assume that we acquired in a first step
{hmif(t) the whole diffraction operatdhn,,;(t). In a second step, we
Fourier | Transform can easily invert each monochromatic matrix and deduce the
M°“°°“‘°}‘;‘(Z‘)‘)° matrices inverse propagation operat¢h;'}(t). The regularization
( dim H(w)=[M.J]) process that consists of keeping only the main singular vec-
SVD] tors is applied for each monochromatic matrix, in other
P . -1 - ﬁ i Ere— words in both space and time. This regularization process is
’ecf’:(‘:)c | rsion ""SSl;?t)Slgna * achieved by keeping only the nonzero singular values of the
(1£m=M) H! (0) (1j<h) propagation matrices studied in Sec. IV A.

Fourier] Tr. i Inv. Fourier| Tr. In order to achieve an optimal focusing in the control
Monochr. E(w)=H" (). F(w) Monochr. plane, we have tc_) choose in a third step an objective
vectors vectors {fn}(t) corresponding to the signals we would like to be

Hw) E(w) received in the control plane. The simplest one corresponds
to a spatio-temporal delta function creating a temporal delta
FIG. 15. The spatio-temporal inverse-filter focusing process. function at timet=t, and at a single positiom=m,

Vm 1smsM, f,(t)=56,(t—ty)=3(m—my)s(t—typ),
B. The spatio-temporal inverse-filter process
o _ O<t<AT. (23
The regularization process can be applied to the whole

set of monochromatic matrices by only keeping the relevanPf course, the spatio-temporal objective can be completely
singular vectors and the inverse matridés*(w) can be dhlfferent and chdosen IFO meet pakr]tlculéi_r needs ﬁependlq?bon
computed at each frequency. We can choose a spatidl® encountered applications. The objective chosen will be

temporal objectivef (1)} in the control plane, correspond- 2ddressed in the next subsection.

ing to them temporal signals we would like to generate on

the set ofm control points in a given temporal domain ( C. Comparison with classical and time-reversal

€[0,AT]). This set of temporal signals can be expressed irfocusing

the Fourier domain as a set of monochromatic vedt(is). In this section, the inverse-filter process is applied in a
Then, as explained in Sec. Il A, the optimal emission Vec'homogeneous mediurtwatey and its focusing ability is
torsE(w) can be computed at each frequeregccording to .o mpared with the classical cylindrical focusing imple-

Eq. (4). Finally, the optimal set of broadband emission Sig'mented on commercial echographic devices and with the
nals{e;(t)} is simply deduced by an inverse Fourier trans-4 e reversal focusing technique.

form For broadband signals, the choice of the spatio-temporal

. focusing objective f,,(t)} is a crucial component of the pro-
Viel[1J], ej(t)=]'_1(Ej(w))=f Ej(w)e''dw,  cess: we must define the temporal signals we would like to
¢ (19 be received during a time window of duratiail on each
control point. The most straightforward objective corre-
whereF ! denotes the inverse Fourier transform. Accordingsponds to the spatio-temporal delta function defined in Eqg.
to Eq.(4) and(19), each optimal emission signal can also be(23). This objective has been used in the spatio-temporal
expressed inverse-filter process of the computed propagation operator
[defined by Eq(10)]. Given this objective, a set of emission
ej(t):f 2 |:|j—m1Fm(w)e—iwt de signals was ca_lculated a_nd the r_esu_ltant focusing obtained is
© m=1,..M presented in Fig. 1&). This focusing is compared to the one
obtained with a classical focusing technique consisting to
= Fl(ﬂ;mlFm(w))_ (20) apply a temporal delta function with a cylindrical time-delay
m=1..M law on each array element, Fig. (b
. . . The inverse filter attempts at each frequency to mini-
Thus, we can define an inverse propagation operator . . .
{h-1¥(t) as a set of Jx M] signals defined by mize .the d!ﬁergnqe between the focusing pattern and the
Im focusing objective in terms of mean least squares. So, the use
vi{j.mle[l,3x[1M], ﬁfml(t)zfl(ﬂfml(w)). of a spatial delta function in this process enhances Iatgral
(21) resoIL_ltlon rath_er than lateral contrast whereas the classical
focusing technique favors lateral contrast over lateral resolu-
This inverse propagation operator allows us to express thetion. Thus, the inverse-filter technique introduces a weak
broadband signalg;(t) to be emitted on the array transduc- “antiapodization” on the emitting aperture to partially com-
ers which will give rise, after propagation in the medium, topensate the edge elements directivity. Consequently, it in-
the broadband signals,(t) received on each control point creases the lateral resolution of the focal spot to best ap-
M proach the objective. This result is corroborated here, as the
Vi 1=<j<J, ¢(t)= 2 ﬁ;ml(t):cfm(t)_ (22) sidelqbe .Ievel is slightly bettefabout 2 dB in Fig. 16b)
m=1 than in Fig. 16a).
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0 received at the focus by inverse-filter processisgiid line)
-5 @ and classical focusin¢dotted ling. As one can observe, the
- -10 . . e . .
0 .-."||(.. signal received at the focus with inverse-filter processing has
-20 a broader bandwidth than the one due to classical focusing.
5 This spectrum of the signal received at focus by inverse-filter
4 6 8 10 -30 processing is not flat, but the higher frequencies are slightly
o 0 advantagedlFig. 17b)]. Indeed, due to our objective choice
Es © (a spatio-temporal delta functiprthe number of singular
2 -10 vectors taken into account during inversion is greater for
80 AN . . ) )
= -20 high frequencies than for low frequencies. So, the signal re-
§ 5 ceived at focus contains more high-frequency components.
w 4 Py - 10 -30 Of course, the axial resolution improvement induced by the
0 inverse filter comes at the expense of the maximal pressure
5l © amplitude received at the focus: as the transducer is used in a
-10 forced regime, the ratio between the energy received at focus
Y L and the energy applied on the emitting array decreases.
5 -20 The inverse and classical focusing techniques are finally
-30 compared to time-reversal focusing. Figure(d6presents

4 6 8 10

Time (1 ) the spatio-temporal signals received in the focal plane by

using this last technique. The axial and lateral resolutions are
FIG. 16. Simulation results. Focusing patterns in the control plaae: slightly degraded in comparison with the other techniques.
spatic_)-tempora_l inverse f_ilter using a deltal function as the objecthe: Indeed, the emission signals correspond in that case to the
classical focusing, ant) time-reversal focusing. time-reversed version of the focus Green’s function recorded
on the array. Thus, the Fourier transform of the emission
Moreover, the same phenomenon appears in the tempQignals applied to the array elements will correspond to the
ral domain: the use of a temporal delta function in thepangwidth of the transducer, as presented in Fig@a17
inverse-filter process favors the bandwidth—in others Word%dashed ling During reemission, the signals experience for a
the axial resolution—to detriment of axial contrast. For ourgecond time the bandwidth of the elements before propagat-
purpose, Fig. 17 presents the Fourier components of the Sighq in the medium and so, the Fourier spectrum of the signal
nal applied to an element of the array in the case of inverseqceived in the focal plane is slightly narrowfig. 17b)
filter processing and classical focusing. For the classical fo(dashed ling. Thus, the axial resolution is slightly poorer
cusing, a temporal delta function is applied to the element, Sgya for classical and inverse filter. The same phenomenon
its Fourier transform is flat. On the contrary, the inverse-filterappears for the spatial contribution. Due to the directivity of
focusing process proposes a differe_nt emis_sion sign_al: it trieg,e transducers, the wavefront coming from the focal spot
to compensate the element bandwidth. This bandwidth comgcation is apodized on the array aperture. After time reversal
pensation improves the axial resolution of the focal spotyng reemission, this apodization of the wavefront induces a
Figure 17b) represents the Fourier transform of the signalgjight decrease of the lateral resolution. One must, however,
keep in mind that these changes in lateral and axial resolu-
25 ' - ' 285 ; ; - tion are very small. What is the counterpart to this small
decrease? As shown in previous papers, we know that the
time-reversal process is a spatfaand tempor&f matched

2 2 . . . . . . .
filter, provided that the spatial reciprocity of the medium is
valid: it maximizes the ratio between the energy received at

15} focus and the energy applied on the emitting array. So, time-

reversal focusing optimizes the sensitivity of the focusing.
These three focusing patterns are finally compared with

the experimental results, Figs. (&8 (b), (c). We find again

the same results. Time-reversal focusing has a better sidelobe
level (due to the apodization effgdthan the classical focus-

ing and a slightly poorer axial resolutidas signals experi-
ence two times the transducers’ bandwjdtim that experi-
mental case, the inverse-filter focusing pattern is obtained by

1156 2 25 1 15 2 25

Frequency (MHz) Frequency (MH2) applying the inverse process to the experimentally acquired
propagation operator. The inverse-filter focusing is here sig-
(a) (b) nificantly better in comparison with the two other techniques

, o (more than in the simulation case in Fig.)1deed, in the
FIG. 17. Fourier spectrum of one transducer emission sigaaland Fou- g, 1ation case, all transducers were assumed to be identical.
rier spectrum of the corresponding signals received at fdmuer the three . . . .
focusing techniques: inverse filtésolid line), classical focusingdotted ~ NOW, in the EXpe_”memal conflgyrgtlop, array element$ .have
line), and time reversaldashed ling of course nonuniform characteristics in terms of sensitivity,
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0 media, for instance, its focusing is unfortunately also de-
-5t @ graded. In that final extreme case, only inverse filter focusing
-10 should remain optimal as it compensates dissipation effects.
In such heterogeneous and absorbing media, the choice
of the objective in the inverse process is of great importance.

0T

-20 Two configurations can be encountered. If we have no idea
4 6 8 10 about the spatio-temporal focusing pattdrasolution and
) 0 contras} that we can reasonably reattor example, in re-
-5 verberating or multiply scattering or wave guided meda
s -10 spatio-temporal delta function may be chosen as the objec-
tive. If the sensitivity decreasing of the inverse-filter focus-
-20 ing due to this particular objective choice is too important,

we can fix another objective: the spatio-temporal focusing
reached by the same system in homogeneous nonabsorbing

5 © 0 medium (obtained either experimentally or by simulation
, An experimental illustration of the importance of the choice
0 g1 LT -10 of objective during the inverse-filter process will be given in
a companion paper for an experiment attempting to focus
. -20 through titanium plates.
4 6 8 10
Time (u s) V. CONCLUSION

FIG. 18. Experimental results in water. Focusing patterns in the control ~ As it is based on the knowledge of the entire propaga-
plane:(a) spatio-temporal inverse _filter using a delta_function as the objec-tion operator relating an array of transducers to a set of con-
tive: (b) classical focusing, ant) time-reversal focusing. trol points in the medium, the spatio-temporal inverse-filter
focusing technique allows one to attain the optimal focusing
impulse response, and element position and directfVity. at each control point. As seen in the simple case of a homo-
These temporal as well as spatial discrepancies are taken ing@neous medium, the choice of the focusing objective in the
account and optimally corrected by the spatio-temporal ininverse-filter process allows one to define precisely the de-
verse filter. However, one must not forget that the pressurgired axial and lateral resolutions. Thus, with an extreme
amplitude received at the focus is much smaller during inchoice of a spatio-temporal delta function as the objective,
verse filter focusing in comparison with time revergtile  the axial and lateral resolutions can be strongly improved by
most “sensitive” techniqui in our water experiment, the this broadband inverse technique subject to a non-negligible
ratio between focal-pressure amplitudes between these twess of sensitivity. As we will see in Paperi,the slight
techniques was 13 dB. differences between classical, time-reversal, and the spatio-
temporal inverse-filter focusing techniques in homogeneous
medium become very important as soon as the medium is
heterogeneous and absorbing. It straightforwardly empha-
i o ] ] sizes the great potential of multiple-channel systems having
As just seen, due to limited bandwidth and size of theyhe apjlity to apply completely different signal waveforms on
transducers, there can be some small differences even in Waach transducer of the array. Thus, the application of this
ter between spatio-temporal inverse filter, time reversal, anfl;5adhand inverse-filter focusing technique could be of great
classical focusing. Moreover, one can notice that the use of @yterest in various ultrasonic fields such as medical imaging,

spatio-temporal delta function in the inverse process is Nofondestructive testing, and underwater acoustics.
necessarily judicious. The improvement of axial and lateral
resolutions comes at the expense of a non-negligible loss OID N White. J. M. Clark. 3. N. Chesebrouah. M. N. Whit 43K
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Optimal focusing by spatio-temporal inverse filter.
II. Experiments. Application to focusing through
absorbing and reverberating media
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To focus ultrasonic waves in an unknown heterogeneous medium using a phased array, one has to
calculate the optimal set of signals to be applied on the transducers of the drrayost
applications of ultrasound, medical imaging, medical therapy, nondestructive testing, the first step
consists of focusing a broadband ultrasound beam deeply inside the medium to be inveptigated.
Focusing in a homogeneous medium simply requires to compensate for the varying focus—array
elements geometrical distances. Nevertheless, heterogeneities in the medium, in terms of speed of
sound, density, or absorption, may strongly degrade the focusing. Different techniques have been
developed in order to correct such aberrations induced by heterogeneous (timediaeversal,
speckle brightness, for exampldn the companion to this paper, a new broadband focusing
technique was investigated: the spatio-temporal inverse filter. Experimental results obtained in
various media, such as reverberating and absorbing media, are presented here. In particular,
intraplate echoes suppression and high-quality focusing through a human skull, as well as
hyper-resolution in a reverberating medium, will be shown. It is important to notice that all these
experiments were performed with fully programmable multichannel electronics whose use is
required to fully exploit the spatio-temporal technique. 2001 Acoustical Society of America.

[DOI: 10.1121/1.1377052

PACS numbers: 43.26f, 43.20.Bi, 43.20.El, 43.20.FPANN]

I. INTRODUCTION testing, medical imaging, and therapy. In each case, inverse
filter focusing will be compared to time reversal or classical
In most applications of ultrasound, such as medical imylindrical focusing. In Sec. I, we study the focusing

aging, medical therapy, or nondestructive testing, the firsthrough a solid plate. In this case, the focusing is perturbed
step consists in focusing a broadband ultrasonic beam deeply an anterior wavefront due to reflectichhese intraplate
inside the medium under investigation. Focusing in a homoechoes or reverberations degrade not only the lateral focus-
geneous medium simply requires compensation for the varying but also the axial resolution. We will see that inverse
ing geometrical distances between the array elements and tffikering completely suppresses the intraplate echoes and op-
focus. Nevertheless, heterogeneities in the medium, in termgmizes both axial and lateral resolution. This is an interest-
of speed of sound, density, or absorption, may strongly deing result for the nondestructive testing community, as it
grade the focusing:> Different techniques have been devel- could enable the detection of defects behind plates, tubes,
oped in order to correct such aberrations induced by heteraspars, ribs, or more complicated structures.
geneous medidfor example, time revershland speckle In Sec. lll, we study an absorbing sample located be-
brightness). In the companion to this paper, we investigatedtween the array of transducers and the focal plane. In that
a new broadband focusing technique: the spatio-temporal irease, absorption strongly degrades the classical cylindrical
verse filter. This technique is based on the inversion of théocusing. Time-reversal focusirigwhile able to correct for
propagation operator relating the elements of a transduceyound-speed heterogeneities, is also degraded in such an ab-
array to a set of control points embedded in the medium andorbing medium. On the contrary, the inverse filter compen-
allows one to calculate the optimal set of signals to be emitsates for both kind of heterogeneities, namely sound speed
ted by each independent element of the array. Indeed, it wilhnd absorption, and achieves optimal focusing.
be shown in this article that if we want to attain optimal As the first two parts show that the inverse filter is a
focusing through a complex medium, distinct signal wave-very efficient way to focus through aberrating media, it could
forms have to be emitted on each transducer of the array. Aead to interesting medical applications, especially in imag-
clear implication of this work is the great potential of multi- ing. One of the most problematic media for ultrasound in the
channel systems made up of independently controlled trangtuman body is certainly the skdflllndeed, the skull induces
ducers both large phase aberrations and strong absorption. This is
The domain of potential applications of the spatio-why ultrasonic brain imaging remains beyond current tech-
temporal inverse filter is vast. In this paper, we present renological limitations. We show, in Sec. IV, that it is possible
sults of experimental application of this technique in variousto calculate by broadband inverse filter processing a set of
media which demonstrate its usefulness in nondestructiveignals to be emitted by each element of a transducer array
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FIG. 1. A titanium plate is located between the 127 control points and the

array of 127 transducers.
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that optimally focus through the skull; moreover, we demon- _ o

strate that the spatial and temporal focusing obtained in waF'G' 2. Waveform received through the titanium plate located 40 mm from
. . ‘the array. Signal amplitude is shown on a dB gray scale; the horizontal axis

ter and through the skull have the same quality. This constir the transducer number and the vertical axis is the evolution in time.

tutes the first step toward ultrasonic brain imaging and could

have important diagnostic applications, as it could be poStyig monoelement is also used to scan the pressure field in
sible to practice real-time flow mapping in the brain at a very,ger 1o check the focusing. Each transducer is connected to

low cost, compared to magnetic resonance imaging. 5 fjy programmable channel that enables us to record and
Finally, in Sec. V, regarding the results we obtained iNamit any temporal shape.

different ultrasonic applications, we study the advantages For the study of plate echoes, a uniform 25-mm-thick

that this technique could have for the propagation in Veryniym plate is placed between the monoelement and the
complex and reverberating structures, as it can be involveq <4 cer array(V, =6.1 mmjus, Vy=3.1mmjus). The
in nondestructive testing but also in sound propagation,nqqcer elements and the titanium plate are immersed in

t_hrough url_aan geometries. Indeed, th? INverse f||t_er IS Palater. We used 127 control points with a regular 0.3-mm
ticularly suited to precisely focus the information in Spacepitch

and time, taking advantage of Fhe complexity of the me_dium. One can see the influence of the titanium plate by emit-
In particular, we observe an important hyper-resoldtfn ting a pulse at the central control point locatiire., at the

by using the inverse filter in the reverberating medium PreN/2nd position and by recording the signals received on all
sented in the last part. the transducers of the array. On a B-mode representation, the
signals recorded on each transducer are then plotted in a gray
Il. SUPPRESSION OF INTRAPLATE ECHOES scale as a function of time in Fig. 2.
_ _ o _ A first principal wavefront arrives at time 14s corre-
When focusing with a cylindrical law through a metallic sponding to the direct transmission of the longitudinal wave,
plate, the main wavefront is generally followed by secondaryyr | wave, that arose on the first interface and was transmit-
section, we present results of an experiment in which we USBlot two symmetric arrivals at 1s centered at-6 mm.
the spatio-temporal inverse-filter technique to ensure an oprhese correspond to transverse waves, T waves, in the plate.
fumal focusing pattern while at the same time suppressing thgydeed, at the first interface a part of the wavefront was
intraplate echoes. converted inb a T wave propagating inside the plate. After
A. Experimental setup propagation through the plate, this vyavefront is tran§mitted
, L . . through the second interface and radiates an L wave in water
All the experiments presented in this article were carriedy, o propagates to the array. As the transverse wave speed is
out W7'th an apparatus which has been discussed in previous imes” smaller than the longitudinal one, it arrivesus
work.” The salient features of the setup are shown in Fig. 1iatar Note that no transverse wave arrives in the center due
The linear transducer array is made of 128 piezoelectric elg, \anishing longitudinal—transverse wave coupling at direct

ements working at 1.5 MHz. The aperture of each transducgfcijence. A third wavefront arrives at 18 (8 us after the
element is 0.5 mm wide and 10 mm high. The array pitch ijirect ong, due to the first intraplate reflection of the L
0.5 mm. The total aperture of the array of transducers is thug o\ efront.

equal to 64 mm. The 128 elements are connected to a fully
programmable electronic apparatus which includes 128 32-
Kbyte buffer memories. This enables us to record and emi
any temporal signal on each transducer of the array. A single  The propagation operatofhy,;(t)} introduced in the
transducer element 1 mm wide and 10 mm high is placed imompanion article(please see p. 1%ereafter referred to as
the focal plane. This monoelement is translated at each loc&aper I** is acquired as follows: each transdugeemits
tion of the control points and used in receive mode as a&uccessively a chirp that is recorded at each control point
hydrophone to acquire the signals coming from the arrayA chirp rather than a pulse is emitted in order to increase the

. Experimental results
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FIG. 3. Spatio-temporal singular-values distribution of the propagation op-
erator{hy,;(t)} acquired(a) in water and(b) through a titanium plate. c)
0
sensitivity on frequencies far from the central one. Deconvo-
lution of the received signal by the signal applied on the 5¢
transducer gives the impulse respohgg(t). We denote the =
ensemble of signalgh,;(t)} as theM xXJ matrix H(t). A %10 ~ =
Fourier transform of each element of the matrxt) gives 'g E——
H(w). 151
The inversion of the matri¥l (w) was carried out using
the singular-value decomposition technique, giving the
noise-filtered inverse propagation mattk *(w). As ex- <05
plained in Paper I, an inversion is carried out at each fre- 20 10 0 10 20
guencyw. The singular-value distribution and corresponding Distance from center (mm)

cutoff is given in Fig. 8b), the singular-value distribution

obtained in a homogeneous medium given as a reference [ﬂG 4. (a) B scan in th_e focal plane_ obtained when focusing with the

Fig. 3a. Through the plate, Strong peaks appear al reqularthni) . The apluce of e s s on vt e 129

spaced frequencies corresponding to resonant modes insiggn in the focal plane obtained when using time revetsaB scan in the

the plate. Singular values that are below th28-dB thresh-  focal plane obtained with the inverse filter.

old are considered as noise and thus are not taken into ac-

count in the inversion. the temporal signals received on a whole set of transdyucers
Having calculatedd ~!(w), it is straightforward to ob- obtained in the focal plane by using cylindrical-law focusing,

tain the inverse-filter-derived emission vecfetf(t)} using time-reversal, and the inverse filter are presented in Figs.

Eqg. (19) given in the companion to this article and choosing4(a), (b), and(c), respectively.

a particular objective in the focal plane. We emit this set of  As expected, the cylindrical-law focusing wavefront

signals with the array of transducers and compare the signathows a focal spotll us) followed by a broad reflected

received in the focal plane to time-reversal and cylindrical-wavefront(19 us) arriving 8 us later and corresponding to

law focusing. The B scarnspatio-temporal representation of the first intraplate reflection of the longitudinal waj/eig.
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4(a)]. The part of the signals that was converted to T waves y T T T T : 0
while passing through the plate does not result in a signifi-
cantly perturbing wavefront.

Figure 4b) shows the result of time-reversal focusing
obtained by time reversing the signals previously presented

in Fig. 2 and re-emitting them on the array of transducers. As g

time reversal corresponds at focus to the autocorrelation e 1or s
function of the received signal, which is made of two wave- £ 12f

fronts, one can see three wavefronts. Basically, two main 14}

wavefronts are successively emitted corresponding to the di- 16} .= 20
rect transmission of the L wave and its first reflection. First, 8 %

the reflected wavefront is emitted and will arrive at timgs3 20 40 80 80 100 120 25

on the B scan. The corresponding reflected wavefront exists

but has a small amplitude and will interfere constructively Tranducer Element

with the m.am Wavefront transmitted I.ater' Then, the me.‘mFIG. 5. Emission vectofe'™(t)} calculated by the inverse filter. The plate
wavefront is em't_ted and focu?‘es Stra'ght at the focal POINtechoes of main front emitted at s will destructively interfere with the
but, a part of this wavefront is reflected by the plate andsecond wavefront emitted at 1.

gives rise to a second wavefront at 24 that is similar to the

first one received at gs. - _ F . . .
This experiment also illustrates that even for lossles€Mitting the signale™(t); calculated with the inverse filter
media, the result of the time reversal may not be optimal a&Sind & spatio-temporal delta function objective. We see that

soon as information losses occur during the process. Herdhe intraplate reflections are still largely suppressed as well

the loss of information obviously comes from the nonre-S parasite signals due to mode conversion. Moreover, the

corded backscattered wave: a second time-reversal mirrdPc@l PoInt is now much finer compared to the B-scan pre-
would be needed on the opposite side to perform a compleEnted in Fig. &). One can readily observe the improvement
time-reversal experiment. However, for more complex distri-"" the focusing quality compared to the classical focusing
bution of heterogeneities, only a time-reversal cavity would®Pt@ined in Fig. &. L

ensure time-reversal invariance. When loss of information It I|SF of great mterest.to IOOk, at the s_et of emission sig-
occurs, time-reversal invariance is broken; however, timeN@!Si€” (1)} calculated with the inverse-filter focusing tech-

reversal process achieves a spatio-temporal matched filter ggqtl:]e(Flg: 7 BanlCB.”ty, as Ibn the previous eﬁﬂerlméﬁ%].
long as linearity and reciprocity remain valitl. ) the main wavefront can be seen passing througks on

Figure 4c) shows the B scan obtained by emitting thethe first array element, followed by a second wavefront emit-

signal{e'f(t)} calculated with the inverse filter. For the re- ted at 15us, which will suppress the intraplate reflections

sult presented here, we take as our objective the main focfue to the “direct” wavefront. In order to have a broader

of the time-reversal experiment. That is to say, our objectiv ocal spot, the main wavefront is antiapodized: this is the

consists only of the main focus of the time-reversal experi—s'mpk':'St way to enhance the aperture of the array. But, there

ment[at time 13us in Fig. 4b)]: before and after this focus exists another way tc_) Increase the effective aperture_ of Fhe
thansducer array, which is limited by the plate refraction in

we force the objective signal_s to be equal to.zero, atthe ©Xa%his geometry. Because transverse waves travel more slowly
places where plate echoes induced undesired Wavefronts.t an longitudinal waves, they undergo less refraction. Con-

is evident on the experimental focusing pattern obtained by
inverse filter[Fig. 4(c)] that the intraplate reflections have
been largely suppressed as well as parasite signals due to 0
mode conversion. In fact, the obtained focusing pattern cor-
responds almost perfectly to the chosen objective.

Visual inspection ofe'f(t)} (Fig. 5 confirms how this 5}
is done. A main wavefront is emitted at time 8. The
longitudinal part of this wavefront generates the focal spot at
t=12us. A second wavefrontl6 us in Fig. 5 is emitted
later and will destructively interfere with the intraplate ech-
oes of the main wavefront.

In this case, the intraplate echoes are well suppressed 15}
but, due to the plate refraction angle, the effective aperture is
quite small and the resolution is quite low. Indeed, as the
sound velocity in the plate is higher than in water, the effec- 20 : . "
tive aperture is reduced according to the Snell-Descartes 20 -10 0 10 20
laws. We wanted to check if the system could reach a higher Distance from center (mm)

resolution by choosmg as an objectlve a Spatlo_temporalllG. 6. B scan in the focal plane obtained with the inverse filter. The

Dirac.delta function. . _ amplitude of the signals recorded on each of the 128 transducers is repre-
Figure 6 shows the experimental B-scan obtained byented in dB on a gray scale as a function of time.

Time (us)
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FIG. 7. Emission vectofe'™(t)} calculated by the inverse filter. The main
front at 12us will be modulated at the focus by the two preceding fréats ~ FIG. 8. Signal received at the focal point as a function of time by using
3 and 4us) by means of a transverse wave and an intraplate echo, respe¢ime-reversaldashed lingand the inverse-filter techniqusolid line).
tively.
mission coefficient by using bulk-shear mode conversion.

. . This is confirmed by the directivity pattern itself given in
sequently, it is possible to favor the use of transverse Wave|§ig 9
in order to increase the effective aperture. High-incidence 'In. summary, we have demonstrated that when focusing

angles are thus emitted at timeu3 on the first element that through a reflective medium, the inverse filter optimizes the

will be transm_lttedTLn the _platT by Iong!;tld|ns4il)—;ranst\;]erseset of emission signals on each transducer, in order to fit the
wave conversion. Those signals are emittedsibefore the objective. Thus, temporal resolution is enhanced not only by

main front, so that the transverse wave generated at the f'r§bppressing the plate echoes but also by enlarging the effec-

interface of the plate will give rise on the second interface tQive bandwidth of the transducers. The spatial focusing is

a Iotr_lgltudl_r:sl t\;]vavle m_;/vgt_er lthat will re}at(;]h the focf:us tpOIOnft also enhanced by compensating the angle-dependent trans-
on time t\r/1w | e’t c&ngllu m;’;\ ]Y\{[ives ot the W?V(:\ trpn '4 mission coefficient. This property lends this technique great
course, the longitudinal part of the waves sent at times romise for application in complex geometries, for example

will arrive sooner and deg_ra_\de the focusing. Thus, a sligh rying to image defects behind plates or tubes in nondestruc-
wavefront can be seen arriving between 5 andu$dn Fig. : :
tlé/e testing.

6, but as the transverse part of the signal is set to focus on th
fspatlo-temporal Dirac function, the longitudinal |.o_ar_t |s_d|f-d”_ FOCUSING THROUGH ABSORBING MEDIA

erently refracted by the plate and does not focus: it is dilute

with a small amplitude over a large distance. It is interesting ~ When focusing through a medium with a varying ab-
to notice that even if the solution mathematically given bysorption, parts of the wavefront that encounter different ab-
the inverse filter may in some cases seem very odd, it alwaysorption can no longer optimally interfere. This leads to an
has a physical meaning. Thus, in this case, signals are couicrease in the sidelobes. As absorption breaks the time-
terintuitively emitted before the main wavefront, but as wereversal invariance of the wave equation, the time-reversal
just demonstrated, it actually enhances the focusing.

Finally, to confirm that the plate echoes are well sup- 0
pressed, it is interesting to look at the signal received at the
focal point as a function of time. In Fig. 8, we plot the signal -5

received at the focal point after a time-reversal operation
(dashed lingas a function of time. This signal is compared
to the one obtained at the focal point by using the inverse
filter (solid line).

This signal confirms the suppression of the plate echoes.
Moreover, one can also notice that the time compression
obtained with the inverse filter is better than the one obtained
with time reversal: as predicted in the first theoretical part of
the article, the inverse filter enlarges the actual bandwidth of
the system. This improves the axial resolution. One can also 3
notice that the frequency component of the inverse filter is -5 0 5
higher than that of time reversal, which is completely rel- Distance from center (mm)
e\./ant Wlth. the choice of the ObJeCt.lve:. a Spa.tlo_temporalFlG. 9. Directivity patterngmaximum in the temporal domain of the sig-
Dirac function. But, the lateral resolution is also improved as,is recorded at each locatjonbtained by time reversatiotted ling and
the inverse filter compensates for the angle-dependent tran@wverse filter through the titanium plateolid ling).

Pressure (dB)
o
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FIG. 10. An UREOLI® sample is located between the image plane and the
array of 127 transducers.

focusing is also degraded. But, the inverse filter compensates
absorption if necessary : if the propagation oper&toror- 120

responds to an attenuator, then the inverse operhtdracts Freq (MHz)
as an amplifier. We demonstrated this by focusing through
an UREOL® plate with heterogeneously distributed absorp-
tion zones.

15

A. Experimental setup

A strongly absorbing URECY plate (2.5 dBcm* at
1.5 MH2) is placed between the array of transducers and the
array of control points, as presented in Fig. 10. The sample
was semirandomly pierced in order to have a varying absorp-
tion. As usual, the experiment is immersed in water, so that
each hole is not absorbing. Globally, the plate is strongly -
absorbing in the middle and at both ends. 15

As UREOL® impedance is very close to that of water, 120 1 E -
there are no reflections. Moreover, there is no phase distor- heq WD)
tion because the sound velocities in both media are ver
close : the experiment models a purely absorbing medium.

Singular value

¥—IG. 11. Spatio-temporal singular-values distribution of the propagation op-
erator{hp,;(r,t)} acquired(@ in water andb) through the UREOP sample.

B. Experimental results

. . . to focus through complex absorbing media. At the frequen-
As previously described, the propagation operétavas : . o . ; o
cies used in echographic imaging, human tissues are signifi-

experimentally acquired, inverted, and the focusing vector . . o .
. ; .. ~cantly absorbing. So, inverse filtering could improve the
was calculated. Its spatio-temporal singular-value distribu- . : o
ST . ) A resolution and the contrast of images. However, as it is time-
tion is compared to the one acquired in water in Fig. 11. . ; . .
. consuming to acquire and invert the propagation opetafor

Here, singular values below the28-dB threshold are con- : . . . .

. . : . at this moment we restricted this technique to a medium
sidered as noise and thus are not taken into account in the . . .
. . X L . whose aberrations don’'t move. Thus, correcting the aberra-
inversion. The influence of absorption is straightforward. As
one can observe, the weight of the singular values of the
propagation operator acquired through the UREGEample

is weaker than those of the propagation operator acquired in
water. Only the two or three first singular values have a ST
significant weight in UREOE, whereas all the physical sin- Aot
gular values above the noise have approximately the same
weight in water.

Once the focusing vector was calculated, it was emitted

on the array of transducers and the pressure field in the focal

plane was measured in order to obtain the directivity pattern.

Presure (dB)
8

This directivity is compared to the one obtained by using a B0
cylindrical law (Fig. 12. a5t
The amplitude modulation of the focusing wavefront in-
duced by the UREO? sample leads to a high sidelobe level 4% 70 0 10 20
in the directivity pattern obtained with the cylindrical law. Distance from center (mm)

.BUt’ the .mverse filter gorrects the aberrations of the .a.bsorblflG. 12. Directivity patterns obtained with a cylindrical law through the
Ing medium, as the 5|d_e|0bes |_3V3|_decreas_e_5 5|gn|f|cqnﬂ¥JREOL® sample(dotted lind, compared to the one obtained with the in-
This suggests that the inverse filter is an efficient techniqueerse filter(solid line).
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a)

FIG. 13. One half-skull is located between the image plane and the array of
127 transducers.

Singular value

tions induced by the human skull was an adequate challenge
that we will now develop in Sec. IV.

120 1
IV. FOCUSING THROUGH AN ABERRATING MEDIUM: Freq (MHz)

THE HUMAN SKULL b)

The human skull is an interesting medium to test the
efficiency of the inverse filter technique as it induces phase
aberration and absorption that are both frequency dependent.
The sound velocity in human sktfllvaries from 1500 mist
to 3000 msl. The sound absorption equals 1 to 4
dB mm 1MHz L. The huge aberrations induced by the skull
have a strong defocusing effect on ultrasonic beams. That is
why brain echography currently remains limited. While it is
possible to perform newborn brain imaging by focusing
through the fontanel, for adults, brain imaging can only be
performed by focusing through the temple. However, as the
temple affords a small aperture, the resolution is very low. 15
This is why it would be interesting to correct the aberrations 120 i Freq (MH2)
induced by the skull over a large aperture. Solutions were
proposed in previous work by combining time-reversal pro-gg. 14. spatio-temporal singular-values distribution of the propagation op-
cessing, amplitude compensation, and  numericaérator{h,(r,t)} acquired(a) in water and(b) through the skull.
backpropagatioh! Spatial inverse filtering through the skull
was also performetf. Although these methods improved the o s the focusing obtained in watére., the best quality

focusing quality in terms of resolution, the sidelobe level ¢ focsing naturally achievable with our system without ex-

remained worse than the one obtained in a homogeneoygssive degradation of the focal sensitivit@nce this objec-
medium. The goal here was to test if it was physically posyjye was set, we could calculate the set of emitted signals

sible to find a set of signals that would optimally focus {eF(t)}. Those signals are represented in Fig(bl5and

through a large area of the skull. compared to the set used with a cylindrical focusfidg.
A. Experimental setup 15(a)] law. We can see that the set of signals calculated with

. . the inverse filter is a lot more complicated than the cylindri-
In our experiments, a half-skull is located between the

X cal ones. In order to emit this optimal set of signals, one
array of ransducers a_nd the array of control pomts,_ close _t?leeds a fully programmable electronic apparatus. In order to
fche array, as shown in Fig. 13. The whole experiment 'Sheck if the focusing is correct, we emitted those signals and
immersed in a water tank. scanned the pressure field in the focal plane.

Figure 16 compares the spatial focusing obtained
through the skull by using a cylindrical latgray line to the

The matrix propagator is experimentally acquired andone obtained in watefsolid line), without the skull. The
inverted both in water and through the skull. Figure 14 com<{ocusing obtained in water is plotted as a reference as it is the
pares the spatio-temporal singular-values distribution of th@ptimum focusing we can achieve with our system. We can
propagation operatofhy,;(r,t)} acquired through the skull easily see the dramatic defocusing effects of the skull: the
and in water in the same geometry. We clearly see in Figsidelobes are very high-8 dB), there is a spreading in the
14(a) by comparison with Fig. 14b) the frequency depen- main lobe, and the location of the maximum of the pressure
dence of the absorption coefficient in the skull: high frequen-amplitude is far from the objective. By using time-reversal
cies are much more absorbed than the low ones. This will b&dotted ling, phase aberrations induced by the skull are natu-
naturally compensated in the inversion process. rally corrected but not attenuation. One can notice that the

As this experiment consists of the first step toward amaximum of pressure amplitude is located at the desired
possible ultrasonic transcranial imaging, the objective implelocation but the main lobe is rather large and the sidelobes
mented in our codes was not a spatio-temporal Dirac funcremain high. By comparison we see that the inverse filter

Singular value

B. Experimental results
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Again, one can hardly tell the difference between the focus-
ing in water and the inverse filter focusing through the skull.
Of course, the pressure amplitude recorded at the focus is
smaller when using the inverse filter than when using the
cylindrical law because the inverse filter naturally applies a
gain on signals that suffered a big loss when passing through
the skull. An important part of the emitting energy is dissi-
pated inside the skull. But, as the energy is largely spread in
the focal plane when using the cylindrical law, the inverse
filter energy is only 5% smaller than the cylindrical one. In
terms of energy, time reversal will always reach the optimum

as it acts as a spatial and temporal matched filter.

This means that due to the inverse-filter method, it is
possible to find a set of signals that optimally focuses
through the skull over a large aperture. Thus, it should be
(dash-dotted lineperfectly corrects the aberrations induced possible to perform brain imaging. Of course, this has only
by the skull: it fits the directivity pattern in water almost been performed through a half-skull. At present, we are de-
perfectly. veloping techniques using two arrays of transducers located

Moreover, the temporal compression obtained with thisat the opposite sides of the entire skull in order to achieve
inverse filter(dotted ling is also as good as in watésolid  real-time brain imaging, and flow mapping.
line), as we can see in Fig. 17, when plotting the normalized

FIG. 15. Emission vectofe'™(t)} calculated by the inverse filtéb) com-
pared to the set of emitted signals used with a cylindrical (aw

V. APPLICATION TO REVERBERANT MEDIA

Trying to achieve nondestructive imaging through com-
plex reverberant structures is very difficult. Indeed, reverber-
ant media strongly diffuse the ultrasonic beams, degrading
the focusing. The same problem occurs when studying the
sound attenuation in urban geometridd\evertheless, the
inverse filter could be of great interest as it can take advan-
tage of all the reflections to improve the focusing.

20 -10 0 10 20 A. Experimental setup
Distance from theinitial point source (mm) We modeled a reverberating environment by placing

FIG. 16. Directivity patterns obtained by time reversal through pure waterhlghly reflective titanium blocks .between the array of trans-
(solid line), time reversaldotted ling, inverse filter(dashdotted ling and duce_rs a_md the S_et of control points. The exact model geom-
cylindrical law (gray line. etry is given in Fig. 18.
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FIG. 18. Reflective metal blocks model a reverberating environment.
B. Experimental results T
The matrix propagator is experimentally acquired and 20 40 60 80 100 120
inverted both in water and through the model. Figure 19 Tranducer Element

compares the spatio-temporal singular-values distribution OLG 50, Emissi tofe™(t)} calculated by the fiter. The |
. . . . EmISsIion vecto{e calculate: Yy the Inverse Titer. e In-

the pmpagf”‘tlon opgrato[mmj(r,t)} acqwred throth the verse filter fully takes advantage of all the reflections.

model and in water in the same geometry.

We observe that at each frequency, in a highly reverber-

ant medium(Fig. 19b)], the singular values strongly differ gongly increases the global number of degrees of freedom

from the one obtained in a homogeneous medilfiy.  of the propagation operator. The same phenomenon occurs in
19a)]. Thus, whereas a mean number of 20 significant sinyaveguides. The singular values corresponding to those

gular values emerges in water, about 40 physical singulafayes have a very low amplitude but cannot be considered
values can be seen in the reverberating model. Indeed, thanks noise. The threshold here is thus harder to adjust than in
to all the reflections, higher spatial frequencies can be genpe previous experiments. Once the threshold is adjusted, one
erated in the medium. Thus, the complexity of the mediumca, choose an objectiveve first tried to focus through the
reverberating environment on a spatio-temporal Dirac lo-
a) cated at the central position of the control poiiih&/2nd
position] and determine the set of emitted signf& ()}

represented in Fig. 20.

We can see in Fig. 20 that the inverse filter fully takes
advantage of all the reflections, so that many wavefronts are
successively emitted that will, after propagation and reflec-
tions in the medium, constructively interfere at the focal
point. We emitted this emission vectfe'™(t)} with the ar-
ray of transducers and tried to compare it to other focusing
techniques. The results are presented in Fig. 21. The direc-
tivity pattern obtained in water without the model is plotted
as a referencédotted ling.

Using a cylindrical law (dash-dotted ling to focus

Singular value

120 05 Freq (MHz) through a reverberating environment is definitely not a solu-
b)
5 '.=
o
-E g '1 5 [3
5 2
=
5 £
-85} .
15 30 -20 -10 O 10 20 30
; Distance from center (mm)
120 05

Freq (MH2)

FIG. 21. Directivity patterns obtained through the reverberating model by
using a classical cylindrical lawdashed-dotted line the spatio-temporal
FIG. 19. Spatio-temporal singular-values distribution of the propagation opinverse filter(solid line), and time reversaigray line, compared to the one
erator{hy,(r,t)} acquired(a in water and(b) through the model. obtained in pure watedotted ling.
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tion: the blocks induce a huge spreading in the main lobe. On 0
the contrary, we see that the inverse filter focusiaglid &
line) is very accurate, as the directivity pattern is even
sharper than the one obtained in water: we obtain an inter- 5f
esting hyper-resolution. Such hyper-resolution has been first
experimentally shown and explained by Deradel® when 3
using time reversal in a strongly multiple scattering medium. E
It has been recently theoretically studied, also in the case of F
a time reversal focusing technique, by Blomgegral1®> We
can also notice that in our geometry, time revelad). 21, f % % ® 2 % ¥ %
gray line leads to good focusing, comparable to the one
obtained in water. However, in this configuration, time re- 20 -0 2-0 1-0 6 1-0 2'0 3'0
versal Fioes not involve hyper—.resolutlon, in contrast to in- distance from the center (mm)
verse filter. On the one hand time reversal does not correct
absorption involved in the studied reverberating medium. OrFIG. 22. B scan in the focal plane obtained with the inverse filter. The
the other hand, the chosen configuration is not optimally re@mplitude of the_ signals record_ed in the focal plane at diﬁereqt distances
. . . . from the center is represented in dB on a gray scale as a function of time.
verberating: after propagation through this medium, the spa-
tial frequencies components of the time-reversed wavefront
do not have the same weight. On the contrary, the spatio\—ll‘ CONCLUSION
temporal inverse-filter technique corrects the absorption and We have demonstrated experimentally, in various aber-
gives back the same weight to all spatial frequencies compaating media, that the spatio-temporal inverse filter presented
nents at focus. So, in such a configuration the spatioin Paper I, the companion to this article, provides a method
temporal inverse filter is the most accurate focusing methodor achieving optimally focused beams through complex het-
Moreover, we saw that we could set any objective ge-erogeneous media. Comparison was made to time-reversal
ometry. For example, to check if the spatio-temporal inversénd cylindrical time-delay-law focusing methods. An experi-
filter could enable hyper-resolution, we took as the objectivé"ent where focusing was achieved through a titanium plate

a spatio-temporal Dirac function. Then, we wanted to checiProved that the inverse-filter technique was able to craft a

. . . ... compound wavefront capable of suppressing—by destructive
if it was possible to focus simultaneously on several points in . .
. ) interference—echoes due to intraplate reflections. It was also

the focal plane. This could allow a very fast scanning of the . '
shown that the inverse-filter process can compensate for

focal plane, asa g|vgn numbgr of focal spots could be examéomplicated attenuating media by focusing a beam through
ined in the same time. This would greatly enhance the, inhomogeneous piece of UREBILA successful focusing
amount of information we can get from the focal planegyperiment through a human skull, which combines the com-
within one shot. In the companion to this article we gave gjications of attenuation and internal reflections and hetero-
definition of the maximum amount of information that can begeneity, demonstrated the applicability of this new technique
induced in homogeneous medium by using a limited aperto extremely complex media. In addition, it has been shown
ture. To illustrate this, we tried to focus on different loca- that the spatio-temporal filter can take advantage of complex
tions: one spatio-temporal Dirac function that would focus atreverberant media to achieve focal characteristics superior to
time 2 us at the center, followed by two, four, or eight regu- the homogeneous case. A focusing experiment through a re-
larly spaced Dirac functions set to focus at time 7, 12, and 17
us, respectively. The whole set of emitting signals was cal-
culated and emitted together. The result is given in Fig. 22.

We see that all the spots are well separated. This gives
an idea of the minimum size of the cells it might be possible
to use in a given geometry. The 15 spots are all illuminated
at the same time. Figure 23 shows the set of emitted signals:
it is impossible to separate the wavefronts corresponding to
each spot.

The inverse-filter technique enables one to send a signal
on any of the control points at the same time, as soon as
those points are separated by more than the size of a focal
spot. This is very interesting, as we saw that the inverse filter
takes full advantage of the complex geometry to reduce to
the minimum the size of the focal spots. Complex reverber-
ant geometries are thus particularly suited to the inverse-
filter technique. Further investigations will be very promis-

Time (us)

Tranducer Element
FIG. 23. Emission vectofe'(t)} calculated by the inverse filter. The com-

i ) - ) ) ) ) plex mixing of wavefronts corresponds to the simultaneous focusing on all
ing in cavities, waveguides, or multiscattering media. spots.

J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001 Aubry et al.: Focusing by inverse filter. Il 57



verberant environment comprised of metal blocks in water'm. O'Donnell and S. W. Flax, “Phase aberration measurements in medi-
led to “hyper-resolution,” in which the focal length is cal ultrasound: Human studies,” Ultrason. Imagih@ 1-11(1988.
: ; °M. E. Anderson, M. S. McKeag, and G. E. Trahey, “The impact of sound
smaller than that achievable by the transducer array in a ho- ’ : ’ T

. o . . speed errors on medical ultrasound imaging,” J. Acoust. Soc. 20,
mogeneous environment. This is possible because the iN-3540_35482000.
verse filter takes advantage of the complicated geometry tGm. Moshfeghi and R. C. Waag, It vivo and in vitro ultrasound beam
extend the effective aperture of the array. It was also dem- distortion measurements of a large aperture and a conventional aperture

onstrated in the context of this experiment that this technique,focused transducer,” Ultrasound Med. Bidk, 415-428(1988.
M. Fink, “Time reversal of ultrasonic fields. |. Basic principles,” |IEEE

prowdes a means of focusmg on a CompllcatEd spatio- Trans. Ultrason. Ferroelectr. Freq. Cont88, No. 5, 555—-5661992).
tempor_al patte'_'n- _ o 5L. Nock, G. E. Trahey, and S. W. Smith, “Phase aberration correction in
This technique shows extraordinary promise in several medical ultrasound using speckle brightness as a quality factor,” J.
domains. The ability to suppress internal echoes suggests thecoust. Soc. Am85, 1819-18331989. .
possibility of precise nondestructive imaging behind com- - R- Scott and P. F. Gordon, "Ultrasonic spectrum analysis for non-
. . destructive testing of layered composite materials,” J. Acoust. Soc. Am.
plex geometries such as plates, tubes, spars, or ribs. In thag, 108-116(1977).
case, the inverse-filter technique can be seen as a calibratiof.-L. Thomas and M. Fink, “Ultrasonic beam focusing through tissue
process allowing to correct aberrations that does not moveinhomogeneities with a time reversal mirror: Application to transskull
with regard to the imaging array. Imaging systems which tlhlezrgp):/flzlquEg%oTranS Ultrason. Ferroelectr. Freq. Con#g| No. 6,
would take advgntage of _the hy_pt_er-resolutlon obtained INsp "N White, J. M. Clark, J. N. Chesebrough, M. N. White, and J. K.
I’everbel’ant medla are eaSI|y enV|S|0ned The demonstrat'onCampbe”’ “Effect of skull in degrading the d|sp|ay of echoencephab.
that there exists a set of signals that optimally focuses graphic B and C scans,” J. Acoust. Soc. Addl, 1339—-13451968.
through a strongly aberrating medium like the skull is an °A. Dgr?de, A Togrin, and M. Fink, “Time reversal in multiply scattering
important first step to the development of transcranial ultra,,Medid.” Ultrasonics36, 443-447(1998. . .,
. . . .. . °F. J. Fry and J. E. Barger, “Acoustical properties of the human skull,” J.
sonic imaging. However, in that application, we cannot di- acoust. Soc. Ams5, 1576-1590(1978.
rectly use a secondary set of sources inside the brain. We arau. Tanter, J.-L. Thomas, and M. Fink, “Focusing and steering through
currently working on extending the process by creating a set absorbing and aberating layers: Application to ultrasonic propagation

of virtual sources behind the entire skull, in order to achieve,,""0ugh the skull.” J. Acoust. Soc. An103 2403-24101998.
M. Tanter, J.-L. Thomas, and M. Fink, “Time reversal and the inverse

noninvasive echography of the brain. - , filter,” J. Acoust. Soc. Am.108 223—234(2000.

This broadband inverse-filter focusing technique extends:y. uttruff, “A mathematical model for noise propagation between build-
well beyond the experiments presented in this paper and weings,” J. Sound Vib.85, 125-128(1982.
believe it will find myriad applications in cavities, “fJ- P Aubly, M. Tanier, J. Serber, J-L. Thomas, and 1. Fink, Spumal
waveguides, multiscattering media, and more generally in 3°7°fj'7”(920g;pa“°'tempora inverse filter. 1," J. Acoust. Soc. AtQ
various Ultra§0n|c fields including medmfil imaging, nonde-15p_ gjomgren, G. Papanicolaou, and H. Zhao, “Super-resolution in time-
structive testing, and underwater acoustics. reversal acoustics,” J. Acoust. Soc. Ao be publishel

58 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001 Aubry et al.: Focusing by inverse filter. Il



Rayleigh waves on a viscoelastic solid half-space
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It is shown that the secular equation for Rayleigh waves propagating on a viscoelastic half-space
always admits only one complex root corresponding to a surface wave. This result is proved in those
cases in which the displacement field can be obtained analytically, including the isotropic case. The
root is obtained in terms of complex integrals extending to the viscoelastic case, a result by Nkemzi
[Wave Motion26, 199—-2051997]. The wave solution is shown to represent an admissible surface
wave for any viscoelastic relaxation kernel compatible with thermodynamics. A correspondence is
then established between elastic and viscoelastic Rayleigh waves and their propagation properties
are pointed out by an approximated analysis of the solution. lllustrative results are given by a
numerical evaluation of the complex root for anisotropic viscoelastic half-spaces200@
Acoustical Society of America[DOI: 10.1121/1.1378347

PACS numbers: 43.20.Bi, 43.35.Mr, 43.35[RNN]

I. INTRODUCTION elastic secular equation, if any, lead to nonadmissible solu-

tions to the corresponding viscoelastic equation. In the cus-

The theoretical investigation of acoustic surface Wavesgomar aporoach the determination of admissible Ravleiah
propagating along the boundary of a solid half-space ha y app ) : . yielg
waves relies on the solution of an algebraic cubic equation

been developed in order to account for many different physi- hich foll b X h | . Spuri
cal settings such as layered media, piezoelectric materiald/'c" TOIOWS by squarnng the secular equation. Spurious

interfaces between different media, and so on. These studiéglut'ons are also mtroduped which must be selected t,)y the
are motivated by a wide variety of applications which run'€duirement of exponential decay of the wave amplitude
from the detection and analysis of seismic surface waves t¥ith the depth in the half-space. In the elastic case it has
the design of electronic devices for processing electroacou$®€n shown that only one of the three possible roots repre-
tic signals. A well-established theory exists which is mainlySents an effective surface wateput the same result for
based on linear elasticity in continuum mecharicsand a ~ Viscoelasticity has never been proved.
number of relevant questions have been successfully an- In @ recent paper, NkenfZihas shown that the solution
swered in connection with anisotropic media about the exisOf the secular equation in the elastic isotropic Rayleigh prob-
tence of surface waves and the evaluation of their spefed lem is unique and real. As a consequence, only one root of
Ref. 4 and, more recently, Refs. 5 and Becent results also the cubic equation satisfies the original secular equation and
concern porous med?gf prestressed materigﬂand general- the question of the admissibility of the other two solutions
ized continua? simply does not apply. In the present paper Nkemzi's ap-
Although it is not difficult, in principle, the extension of proach is extended to the viscoelastic half-space and it is
the theory to viscoelastic solids has been limited to fewshown that the secular equation admits only one complex
results* 18 This is essentially due to the occurrence of com-root. This root turns out to represent an effective surface
plex valued moduli in the governing equations of the prob-wave for any complex valued viscoelastic moduli. In particu-
lem, which, in the usual approach, need to be solved numerlar, the proof is concerned with isotropic and anisotropic
cally to ascertain the existence of Rayleigh waves and tgolids for which the secular equation can be obtained in a
evaluate the wave speed, even in the isotropic half-space.closed form.
In this case, in fact, it seems that the result of uniqueness for  The viscoelastic model is outlined in Sec. I, where the
the admissible Rayleigh wave in elasticity has no countersymmetry properties of the solid half-space and the govern-
parts in viscoelasticity. Specifically, the analysis of vis-ing equations for surface wave propagation are given. The
coelastic Rayleigh waves performed in Ref. 12 leads to a paiecular equation is discussed in detail in Sec. Ill with the
of admissible surface waves and one of them is the viscoelagroof of the uniqueness of the viscoelastic surface wave in a
tic counterpart of the classical elastic result. From a generanisotropic half-space which possesses at least orthorhombic
pOint of VieW, the additional viscoelastic surface wave iSSymmetry_ The same prob|em for isotropic solids is br|ef|y
unexpected since a correspondence principle may be appligghalyzed in Sec. IV and the reduction to Nkemzi's result is
to the Rayleigh problen'f} which ensures that the viscoelas- performed. In Sec. V it is remarked that the present result
tic solution can be obtained from the elastic one by simplyagrees with the correspondence principle, which is often in-
substituting the elastic moduli with their viscoelastic, com-yoked in the search of solutions to the boundary value prob-
plex valued, counterparts in the secular equation. In particUsms in linear viscoelasticity. Singular properties of surface
lar, one would expect that nonadmissible solutions to thg4ye propagation are derived by an approximated analysis
of the solution to the secular equation in the isotropic case.
dElectronic mail: romeo@dibe.unige.it Viscoelastic surface waves are shown to propagate with
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speed greater than the speed of elastic surface waves afdis assumed to propagate as a plane wave alongkhe

smaller than that of the slowest bulk waves propagating inyirection. As usual, the plane spanned by, ,x is referred
the same direction. In addition, the penetration depth of visz, oo thesagittal plane

coelastic surface waves turns out to be greater than that of Owing to the symmetry of the fourth-rank tens®r the
the corresponding elastic waves. Such results are confirmegiries ofG? and G° can be expressed in a six-dimensional
by a numerical computation of the more general anisotropi¢,tation as

problem, performed in Sec. VI.

G3=0%e, (a.B=1,....8,

Il. VISCOELASTIC SURFACE WAVES POLARIZED IN where the usual indicial correspondence holds between greek
THE SAGITTAL PLANE indices and the pairs ij), ie., 1=(11), 2=(22),
13:=(33), 4=(23)=(32), 5=(13)=(31), 6=(12)=(21). It
turns out that ifx, lies along a twofold axis of symmetry or
along a normal to a plane of symmetry, then

A solid half-space is here modeled by means of the wel
established linear theory of viscoelasticity. Denoting by
e(x,t) the infinitesimal strain tensor, the following constitu-
tive equation holds for the Cauchy stréks gi,gzoy ae{(ik),i#k}, B#a. 7

T(x,t)= fo(T) e(x,t—7) dr, (1) In view of conditions(7) surface acoustic waves propagating
0 along x; are necessarily polarized in the sagittal plane if
whereG: R — Lin(Sym) is the relaxation kernel and where €itheér 7 is a plane of symmetry or the normal to is a

a superimposed dot denotes the material time derivativdwofold axis of symmetry® To meet such conditions the
Harmonic solutions to the mechanical problem are considSlid must have at least a monoclinic symmetry. Then a two-

ered, such that the displacementan be written as compqnent di;plaqement field is' alloyved. A further simplifi-
A cation is obtained if alsa; is a direction normal to a plane
u(x,t)y=u(x)exp —iwt), (2 of symmetry or lies along a twofold axis of symmetry. This
where we R** is the angular frequency. From E() it assumption implies the additional restrictions
follows that Gou=Gs.=0, g4'B:0, a#5,6, B#4.6. (8)
T(xLo)=G(w) ex)exp —iot), (3 The same simplification occurs if the previous properties are
where&(x) = ¥ Vi(x)+ (V1) T(x)] and satisfied by_x3 inst_ead ofx,. As s_hqwn in Ref. 24, crystal
classes which satisfy these restrictions belong to orthorhom-
G(0)=G(0)+G((w)+iGi(w)=:G%w) +iG"(w). bic, tetragonal, hexagonal, or cubic systems. Substitution of

3 Egs.(2), (3), and(8) into Eq. (6) yields the following solu-
Otlion (the detailed derivation parallels that of Royer and
Dieulesaint?* see also Ref. 23

The quantitiesG, and G, represent, respectively, the hal
range Fourier cosine and sine transforms of the derivative
G(t), andG(0) is the instantaneous elastic modulus. From
these definitions it follows that

lim G(w)=G(0), |imG(w)=G(x»). (4)

U1(Xq,X3,0) =Aexfix()k(w)x,]

w—® w—0 X{eXF[— K+(w)k((,o)X3]
It is customary to assume that the equilibrium elastic modu- +p(w)exd — k- (w)k(w)xs]},
lus G(=°) be positive definite. The exploitation of the second . _ 9
law of thermodynamics implies tha(0)—G(«) be posi- Uz(X1,X3,0) =Aexdix(w)k(w)X]

tive semidefinite an€,(w) be negative semidefinite for any

h . X — k
weR"*.?1 As a consequence, since the entrie§pfw) are (g (@)ex — k. (0)k(@)Xs]

likely to be much smaller than the corresponding entries of +0_(w)p(w)exd — k_(w)k(w)xs]},
G(0),** the following assumption is made: _ _ _ _
where k.. are solutions of the biquadratic equation
G (w)>0, G°(w)<0, VweR'". (5) . ) s
+az+1+ - -1

Solutions to the dynamical problem, in the form of surfaceagk Las (afs arag= 1)y«
waves, are required to satisfy a stress-free condition at the + (a;x?—1)(x?—1)=0, (10
plane boundarys of the half-space. Denoting hy the mass )
density and by the normal taS the equation of motion, and  With
the boundary condition read ) Gy @) o) Gao @)

pu=V-T, Tn|s=0. (6) ' Gsg(w)'  ° Gss( @)’
In order to obtain an explicit analytical solution to the prob- Gia(w)

lem of wave propagation, it is necessary to consider some  a@13(w)=1+ Gl @)

restrictions on the material symmetries of the half-space. To %

this end, having introduced Cartesian coordinates<;,X;  The quantitiesy- , p, k are complex valued functions of
such that the half-space be placec#t 0, the displacement and are given by
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g xP—1-k2 ki—ix’q, , po? Sz
+= | 2 ’ p: - -2 ’ k = .
Q13K K_—1x"q_- Gss
Finally, the functiony(w) is required to satisfy the following /o
secular equation: oy
2
ajx“—1 T2 'y
VagVax®=1x" - 1= ——, (1D =
axy“—1 1/a 1 z
for all we R*" where
(13- 1)?
a=aoy— —— .
asg

Equation(11) represents the Rayleigh equation for the prob-
lem at hand. Owing to inequalitie®), Ra;>0 andRaj
>0, while no restrictions on the sign of the imaginary parts
of a4 and a3 follow from the second law of thermodynam-
ics. In the case of purely elastic half-spaces the quantitiefact that harmonic waves in viscoelastic media can be treated
aq, az, ajzare real valued and the positive definitenesgof as inhomogeneous waves, makes such a condition
implies unnecessary’

FIG. 1. ArcsI'; andI', in the complex plane.

a1>0, a3>0, a>0. (12

Really, except for very special cases, the material moduli o
known materials are such thgt,>Gss and consequently,

*II. ANALYSIS OF THE SECULAR EQUATION

The scope of this section is an extension to the vis-

a1>1. Moreover, according to the hypotheses@H w), it
is also assumed that for the viscoelastic material

Ra;>1. (13)

Equations(9) represent a surface wave fifl, fj3 vanish as
xz—0. Accordingly, for any solution of the secular E4J1),
only those roots of E¢(10), such that

R(k.k)>0, (14

coelastic anisotropic case, outlined in the previous section, of
the analysis of the Rayleigh equation recently proposed by
Nkemzi for the isotropic elastic half-spat&This approach
consists in reducing the solution of Ed.1) to the search of
the complex roots of a suitable polynomial Yy by the ap-
plication of the Burniston—Siewert methédLet z= y? and
define

Fr(z)=VaszVz—1Ja;z—1(az—1)—(a;z—1). (17)

are admitted as effective surface waves. Without loss of genfhe zeroes ofFg(z) are the same as the roots of Egl).
erality the signs of¢ andk can be chosen in such a way that The function defined in Eq(17) is analytic in the whole
R(xk)>0. It follows that with a pertinent choice of the signs complex plane except for the straight lines

of k.., the requirementl14) can be always satisfied for any

solution of Eq.(11) such thatk. #0. Equation(11) admits
the solution

Xe=— (19

aq '
Its substitution into Eq(10) yields

2
K+:0, K_—/———.

(16)
a, a3

This solution does not represent a surface wave since one of
the inequalitieg(14) is not satisfied. In fact, substitution of
Egs. (15) and (16) into Eq. (9) yields a superposition of a
bulk wave and a surface wave-type component propagatin

along the sagittal plane. In the elastic case, owing to(E2).

and the restrictionr;> 1, also this last component reduces to

a bulk wave.

From the above discussion it follows that all the com-
plex roots of Eq(11), except for Eq(15), represent surface
waves on a viscoelastic half-space. In the following it will be

shown that only one such root exists.

Iy t(n)=71 re(—»,1],
I'y: t(n)=7la; Te(—»,1],

owing to the discontinuities of the square roots in ELy).

Posing @y =a+ib, in view of Eq. (13), it turns out that
1/a<1. It is convenient to decompodé, and T, into the
following arcs:

F11:F1|1/a<fs1, F12:1“1|0<Ts1/a, F13:Fl|‘r$01

F21:F2|o<7<1, [yo= F2| <0

and denote byR the plane open sector 6fbounded byl" (5
andI',,. An illustrative picture is given in Fig. 1 where, for
definiteness, it has been taken las0. Now consider the
festriction ofFRr(2) to C\(RUTI'{UT,). Its continuation on
R alongI'y3 andI" 5, is given by

FR(Z) ZEC\(RUF]_UFz)

- \/a_3\/z— IVaz—1(az—1)—(ayz—1)

Ze RUFlgu F22.

F(z)=

(18

Finally, no conditions have been required about the sigrOn both sides of each arc 6f=1";;UI',UI"5, the follow-

of J(xk). Although it is customary to choosH yk) >0, the
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F=(t)=limF(t=ie), tel, (199  where
e—0
t
with e>0. Then, denoting byQ(t) the ratioF " (t)/F ~(t), )= —f (—)dt
for each arcI'yy, 'y, I'5;, the substitution of Eq(18)

yields, respectively, The zeroes oF (z) turn out to be the same as thoseR{z).

Qult)= 1-iR4(1) Qut)= 1+iR,(t) Hencel_:(z) and exp—og(2)] are expanded in Laurent series
WYTIHIR, () YT 1-0R,() to obtain
. (20
1—iR,(t) 1\ 1 a
leerz(t), F(Z) a\/alag{z — §(1+— +— 1+ Ol_i) Z
where 1 1 1
R0 \/_\/m(at—l) BT R I 1
=Ja———
! * Jagt—1
Ra(t) = sqrth) Vgt =) 4ar\” a Vag ’
2 Y —al'[
Equations(20) can be also rewritten in the form exf —g(2)]=1+ |_°+ %(Zl 1+IS)+O(Z‘3),
INQq1(t)=—=2i61(t), INQx(t)=—2i6,(1),
In Q1(t) =2i 65(1), with
1
where 'n:_f "0(t) dt, n=0,1. (25)
0, ,=arctaR, ,). (22) T

The previous positions allow us to show the following result. Substituting Eqs(24) into Eq. (23) and accounting for the
fact that P(z) is a polynomial, the requiremer®(z)=0

Proposition. Fg(z) always admits only one complex yields

root in addition tol/a; .

Proof. The proof is organized in two steps. First, it is , |1 1 ay
shown that the analytic continuation B{z) given by (18) 7| 5| 1+ o]+ —| 1\~ = lo|z+C=0, (26
. e " . 1 3
satisfies the statement of the proposition. Second, it is proved
that the sought zero does not belongiRo whereC stands for a complex constant term which depends

From the above definitions and results the followingon «,, @3, @. Since one of the roots of E¢26) must be
facts can be realizedr(z) is analytic onC\I" and has only equal to 1é&;, the remaining root takes the form
one pole(of the second ordeat infinity. At the end points of

I', t=1/a; andt=1, the functionF(z) turns out to be ana- \/a\l 1 1

lytic with F(1/a;)=0F(1)=1—a;. In addition, the limits = 1PV, T2l a_l) ~lo, (27)
(19) exist and are different from zero at every internal point

of I'. From Eqs.(20) and(21) it turns out that the limits of where, owing to Eqs(25) and(23),
Q(t) at the end points oF are different from zero. In fact,

11 1 (la 11
we haVe |0: — ;J' Gl(t) dt_ ;J gz(t) dt+ %J 02(t/a1)dt
lim Qu(m)=1, lim Qu(rlas)=—1. e ’ ’
" " (28
In view of the definitiong22), the following function can be  This result completes the first part of the proof.
introduced: Now remembering thaty;, a3, anda are continuous

complex functions ofw, Eq. (4) implies
01(t) tely

(t)= 6,(t) tel LUl lim a(0)=a?, limas(w)=a3, lima(w)=a’,
which is piecewise continuous and differentiable on
'\{1/a4}, and Lipy, att=1/a;. limay(w)=a;, limas(w)=az, |liMma(o)=a”,
According to these results, the theory of the Privalov ~— @—0 »—0 ©—0

problem can be applied to the functidf(z) in C\T" (see
theorem 14.10a in Ref. 261t follows that a polynomial
P(z) exists such that

wherea?, o3, % af, a3, anda” are real quantities.

Hence, in both these two limits @f, the last two integrals in
Eq. (28) become equal and opposite so that they cancel out.
P(z)=F(z)exd —a9(2)], (23 The corresponding values af are real. For instance,
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sz=a[[nmzR 2= 2_%1 2=yt p:_(KJr,;_)l/z,
o PERNC R s L e o
a® ag 2 a(l) q+=! x q- IK,'
\/ﬁ( 2%t —1) The functiony must satisfy the following secular equation,

dt. (29 which is formally the same as the classical 6he,

4y o2 —1x*—1—Jo(2x2—1)2=0. (35

Rayleigh waves are then obtained from E(®}) and (35
provided inequality(14) is satisfied. In particular, there is no
isotropic counterpart of the solutidd5) to Eq.(11) and the
following proposition holds.

11
+— arcta{ Ja$

™ Vey

\/agt—l

The integral on the right-hand side of E@®9) is always
greater than-7/2[ 1— (1/a2)]. As a consequence, owing to
the definition of«,

0
ZR>i(l+ ﬂ) >i>i_ Proposition. Equation (35) always admits only one
a® ag a® a‘f complex solutionThe proof of this proposition proceeds in a

_ _ . _ quite similar way as in the anisotropic case and is not given
SinceF(z) does not vanish oi'\{1/a;}, the previous in-  here. As a result, the following root for?=:z is obtained:
equality implies that, in the limitv— oo,

1 2
21 (30 ot 1_5)
sz—l—Io, (36)
A similar result can be worked out in the same way é&or 4( 1- —)
—0, i.e., posing lin_.oZr=Zro. 7

with
Zro> 1. (31

11 1 (la 1 (1

In view of Egs.(27) and(28), z is a continuous function of lo=~ ;fl,aal(t) dt— ;fo O(t) dt-+ EL Ot o) d,
the parametersy;, a3, «, and, in turn, ofw. Hencezy (37
moves in the complex plane fromgg to zg., continuously as wherea=%(), and
w ranges from O tee. Sincezg does not belong td’;UT,,

owing to Egs.(30) and(31), it will never reach the regiofR. tVyot—1y1—t
Finally, zg turns out to be always a zero Bfy(z). 01(t):afCta{ 4m

In the purely elastic case the parametefsas, anda

turn out to be real valued and E@7) reduces to itVl—otyl—t
b—
Vo(2t—1)?

0,(t)=q arcta{

1
RT, - a_l) with g=sig{ J(o)]. In the purely elastic case the last two
integrals on the right-hand side of E7) cancel out and
11 Vi-t(at—1) Eq. (36) coincides with the result of Nkem2?,
+ 2|7 arctan Vag——— | dt. (32)
2+ ( 1- ;

This root is real and the resul82) generalizes that of , _
Nkemz?° to a anisotropic solid half-space which possesses,

X o P 41— —
at least, orthorhombic symmetry. The following inequality is o
also satisfied in this case:

4—
Jo(2t—1)2

12 tyot—1y1—-t
+ ;f arcta

] dt, (39

which represents the real root of the secular equation for
(33) Rayleigh waves on elastic isotropic half-spaces. Inequality

ze>1.
R (33) also holds in this case.

IV. ISOTROPIC HALF-SPACES

L . . . V. ELASTIC VERSUS VISCOELASTIC SOLUTIONS
A great part of the existing literature on elastic and vis-

coelastic Rayleigh waves is concerned with isotropic half-  The uniqueness of both elastic and viscoelastic solutions
spaces. In this case the secular equation contains only one the Rayleigh problem for surface waves is not a surprising
parametero, which, in the elastic case corresponds to theresult. It can be viewed as a consequence of the principle of
ratio between the speeds of longitudinal and transverseorrespondence in linear viscoelasticiisee, for example,

waves propagating in the bulk of the solid. Denoting doy Refs. 18, 28, and 29 According to this principle, the solu-

and\ the Lameés moduli of the solid,c=(2u+\)/x and  tion of any boundary value problem with time-independent
posingk?= pw?/ 1, Rayleigh waves in isotropic media take boundaries in linear viscoelasticity can be obtained from the
the form(9) with corresponding problem in linear elasticity. In the present
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problem, Egs(9)—(11), or thei_r counterpar_ts in the _isotropi_c Cz(;,t)=arctanl[1A(;,t)]
case, hold for both the elastic and the viscoelastic solution,

provided thateq,a3, and @3 are taken to be the pertinent 2(1—t)(2t—1)+(1—;t)(3—2t)
real or complex valued parameters. Moreover, each solution - \/: 5 \/ — S—.
of the secular Eg(11) in the viscoelastic case can be put in o(2t=1)*V1-tV1-ot[1-A%(0,1)]

a one-to-one correspondence with the solution to the elastighere
problem. However, it is worth remarking that the viscoelastic

result(27) cannot be derived from its elastic counterg@a) (_ ) tVl—oty1-t
by simply substituting the real parameters, a5, and « Alot)y=4—=—"—"—.
y simply g p $, a3 Vo(2t-1)?

with their corresponding viscoelastic complex quantities.
This is due to the fact that the derivation of ER7) involves By a numerical integration o€,, it turns out thath, is
separating the complex parametayinto real and imaginary  neqgative for any admissible value of and this fact bears

parts. o __relevant consequences on the propagation of surface waves.
The relevant peculiarities of surface wave propagation ing, this respect, owing to Eq(9), the speed of Rayleigh

viscoelastic solids can be shown directly from the roots of, ;a5 is given by r= w/MR(yzzK). From Egs.(39), (40)
Eq. (11) or (35 under the approximation of small viscous .4 (41) it follows thF;t : ’ '

terms. Results based on this approximation are shown in Ref.

12 where the cubic Rayleigh wave has been solved, account- 1 1

ing for first-order imaginary terms added to the real elastic

moduli. Solutions of that equation differ from those obtained

in the elastic context for the presence of small imaginarywherevg=\u/(pzg) is the speed of Rayleigh waves in the

terms. elastic half-space. Hence, within the approximation of small
In the present approach, taking advantage of the closegiscous terms, Rayleigh waves propagate in viscoelastic me-

form of the solution to the secular equation, the approximadia faster than in the corresponding elastic ones. Moreover,

tion of small viscosity can be applied directly to the resultin view of Egs.(34),

(27) or (36). In doing so, it can be shown that a first-order

UR UR

h,
1+ —¢& |, (42)
2zn

correction also arises in the real part of the solution. For the | _ \ﬁ— 1+ le hotil not 1 -
sake of clearness, the isotropic problem is here consideref,+*~ ¢ ;K+ 2 ;i 21 M o 7K '
such that the solution depends on the single paranasetér
. (43
can be written as
- p— 1 e . —
(T:U'(1+|V8), (39) K_k:(,l) =K_ 1+§—_2[h2+|(h1_ 7]K_)] y
7 K—

whereo is a real positive parameter pertaining to the elastic

S 4 T2_5
half-space and €es<1. Concerning real materials, in the where Ky =2r Vo, «- R L As a consequence, the'

L — . . penetration depth of Rayleigh waves in viscoelastic media is
following it is understood thatr e (2,,2) while no restric-

; . ) X greater than that of the corresponding elastic media. Besides,
tions are imposed on the sign of the real quantityrogether

X : it can be noted that the occurrence of imaginary small terms
with the assumption in Eq. (43) implies that the amplitudes of the displacements

= . u, anduj slowly oscillate alongxs. Finally, owing to in-

= < . . .
p=p(ltine), =0, (40) equality(33) and the result42), the following relation holds:

position (39) turns out to be equivalent to the hypotheses in

Ref. 12 if the valuec=3 is chosen. Substituting E¢39) B
into Eq.(36) and retaining only terms up to the first order in where v;=+u/p is the speed of transverse bulk waves

vr<vr<uvr, (44)

e, the following approximation is obtained: propagating along, in the elastic half-space. This last result
_ . can be compared with the corresponding one in the numeri-
Zg=2g+hye+ih;e, (4D cal analysis of Currié?

Some remarks are in order to compare the present results
with those obtained by Currie, Hayes, and O'Letryn es-
J,l sence, they look for a solution of an approximated cubic

wherezg, is given by Eq.(36) for o=o and

=L_ 7C1(;,t) at, Rayleigh equation obtained by a linearization with respect to
4o Uo a small parametet, accounting for the imaginary parts of
_ the viscoelastic Lame moduli x and\. The roots of this
h,= — M 1’”02(;,0 dt. equation, evalued up to the first orderdnare then substi-
mJo tuted into the linearized secular equation and selected by the
admissibility requirements on the propagation of surface

waves. In this way they obtain one “viscoelastic” solution,

hl - -

T

(1—-1/0)?

The functionsC, andC, are given by

o 2t\i—1 in addition to a “quasielastic” one, for special ranges of
Ci(ot)= —== — constitutive parameters. In principle, one can expand the so-
\/;\/a't—l(Zt—l)z[l—Az(a',t)] lution of the Rayleigh cubic to the desired ordersdnand
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look for compatible solutions of the secular equation up to sz
that order ine. Nevertheless, this does not imply that the _
expansion converges to a solution of the exact secular eque
tion. Moreover, although the linearization of the equations is 300
performed about the elastic case, whereand A are real
valued, the viscoelastic solution does not correspond to any
admissible surface wave as-0, nor does it degenerate into
a bulk elastic wave in the elastic limit.

Finally, as shown by the present res(tl), the small
viscosity approximation of the exact solution does not corre-
spond to the solution of the approximated equation in Ref.
12. In particular, a small correction to the real part of the 4 |
solution appears in Eq41), in contrast with the linearized
result in Ref. 12, relative to the quasielastic solution. Strictly
speaking, although the analysis of Currie, Hayes, and200 -
O’Leary is formally correct, their linearized secular equation
leads to solutions which, at the same ordereinare not
approximated solutions of the exact equation.

2800

2600

v =+0.5

2000

V1. NUMERICAL RESULTS FIG. 2. Speed (m/9 of Rayleigh viscoelastic waves versus the parameter

The main results obtained in the previous section actu " three different values of.

ally hold independently on the approximation of small vis-
cous terms and can be partially extended to the solution of|ier than the spead: of transverse bulk waves propagat-
the secular equation in the anisotropic case as given in Sefyy alongx,. Accordingly, inequality(44) still holds in the

[ll. To show thIS fa_\ct we perform the computatlon (_)f the roo'g present anisotropic case Wha7e= \/326/_, with 986= 67

(27) by considering complex valued viscoelastic moduli . . .

Gir. Gos. Gia. andGes in the form x 10° Pa. Successively, the solutiag has been substituted
1 F33 J13 55 ! into Eq. (10) to evaluatex. , accounting for the restriction

G11=G%(1—-ipB), Ga=Go%(1—ip), (14). The results are shown in Figs. 3, 4, 5, and 6 in terms of
0 4 404 (450  the nondimensional quantitie®(«.k/k) and J(«.k/K),
G13=G2(1-18),  Gss=Gsd1=17). which are plotted versus the viscoelastic paramgieior

Here,G;, G%. G%, andG2 are real quantities pertaining three fixed values of, (k=w\/p/G3%). The values reported
to a purely elastic anisotropic half-space gBdand y are in these figures fo3=0 and y=0 represent the positive so-
viscoelastic parameters which, according to the requirementstions «.. of the biquadratic Eg(10) in the elastic case. In
(5), are non-negative. In the present description we avoid angarticular, Figs. 3 and 4 show th2i(« , k/k) decreases and
prescription for the underlying dependenceBodindy on the
angular frequency» and assume thag?;, %, G%; and
g (5’5 are constant. This last hypothesis is justified by the dis- o8
cussion in Sec. I, which precedes inequaliti&s and al-
lows us to express the roots of the secular @4) in terms
of the real parameter8 and y only.

We have numerically computed the rqdf) for a half-
space of zinc, modeled as in E@5) with

p=7135kg/m, G9,=165x10°Pa, G3,=62x10°Pa,

G9=50x10°Pa, G2.=39.6x10°Pa

(see Ref. 3D The resulting complexg has been substituted
into the expression afz which, in this case, is

PZR
Ve
Oss
The Rayleigh wave speatk is given in Fig. 2 as a function

of the viscoelastic parametg for three fixed values of. ; ; :
The value ofvg corresponding tg8=0 andy=0 represents 0 1 2 3 4 5 6

the speedTR of Rayleigh waves in an elastic half-space of b
zinc. As previously observed in the small viscous approxi s 3 geal part ofc.,

mation, the wave speed is always greater tthm and  of v.

[ =5

kik vs the parameteg for three different values
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FIG. 4. Real part ofk _k/K vs the parameteg for three different values  F|G, 6. The imaginary part of _k/K vs the parameteg for three different
of y. values ofy.

gq(K_k/F) increases ag increases. Such a different behav- have taken advantage of the Nkemzi's result for the same
ior is peculiar in anisotropic media. In any case, and not oniyProblem in the isotropic elastic ca&bwhich independent of

in the small viscosity approximation, the penetration depthf‘he qguestion about its practical utility in determining the
which is_proportional to the smallest of the two quantitiesR@yleigh wave speetbee Ref. 31 and the results in Ref)32
[9(x.k/K)]~2, turns out to be enhanced by the presence ofepresents an effective tool in order to bypass the problem of

viscoelasticity. Finally, nonzero values 3fx. k/k) denote a spurious solutions to the cubic Rayleigh equation. The analo-
wave amplitude osciII:ating along - gous approach in viscoelasticity presented here rules out

some previous resultswhere a viscoelastic surface wave
appeared in addition to the so-called quasielastic wave
VII. CONCLUDING REMARKS within the small viscosity approximation. On the other hand,
r}he content of the proposition in Sec. Il restores the full
galidity of the correspondence principle in connection with
urface wave problents.

It is shown that, within the approximation of small vis-
cous terms in viscoelastic isotropic half-spaces the wave
speed and the penetration depth of Rayleigh surface waves
are always greater than in the elastic case. Numerical results
have pointed out that the same behavior occurs in the more
general anisotropic case considered in the present investiga-
tion.

The main theoretical result of the present analysis o
surface waves is the proof of uniqueness for the solution t
the Rayleigh’s wave problem in viscoelastic half-spaces. wée
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Semi-analytical elastic wave-field modeling applied
to arbitrarily oriented orthotropic media
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Three-dimensional elastic wave-field calculation is addressed for the case of orthotropic materials
with arbitrary spatial orientation. Based on a mathematical formulation involving Green’s dyadic
displacement tensor function, appropriate evaluation yields a representation of the displacement
vector of transducer wave fields in anisotropic media which is convenient for effective numerical
computation. With respect to bulk wave propagation, the numerical evaluation of Green'’s dyadic
function is circumvented by applying a reciprocity-based approach, which is valid ifptiet

source far field. The presented formulation involves characteristic quantities obtained from
plane-wave theory and appears as a point-source superposition representation including the
respective point-source directivities. Thus, it is in the same form as a corresponding formulation for
scattered elastic wave fields presented previolddlySpies, J. Acoust. Soc. Anl07, 2755—-2759
(2000]. Focusing on orthotropic composite materials, numerical evaluation examples are presented
for ultrasonic tranducer field patterns and time-dependent radio frequemgyulse propagation.

© 2001 Acoustical Society of AmericdDOI: 10.1121/1.1380440

PACS numbers: 43.20.Bi, 43.35.Cg, 43.35[DEC]

I. INTRODUCTION medium. Guo and Achenbatfhhave applied the boundary-
element method to calculate the field radiated by a circular
Composite materials have gained a considerable impofransducer into a Tl half-space, exploiting simple forms of
tance, being widely applied, e.g., in aerospace industries asreen’s function for anisotropic media derived by Wang and
unidirectional, layered, or woven structures. Through theirAchenbach?*® Further, numerical methods have been ap-
complex build-up these materials exhibit anisotropic elastiglied, e.g., by Lorcet al,** Fellingeret al,*® and Bostron,*®
behavior. Thus, effects like beam splitting, beam distortionyvhere emphasis is on problems related to nondestructive
and deviation between wave propagation and energy flowesting.
raise considerable difficulties for ultrasonic nondestructive  In this article, materials exhibiting orthotropitOT)
testing techniques. In modeling the interaction of elasticelastic symmetry—which is generally the case for composite
waves with such media, a simple tool of assisting analysis ignaterials—are addressed. A representation for transducer-
available. In this respect, simulation and optimization allowfield modeling is obtained in Sec. Il, which uses fundamental
for a reduction of experimental work and an increase in replane wave characteristics and appears as a point-source su-
liability of applied testing procedures. High interest hasperposition formulation including the respective point-source
therefore been dedicated to anisotropic wave propagation igirectivities. Section Il presents the plane-wave relation-
past years. Respective studies consider ray tracing, planghips, where the orthotropic material’s spatial orientation ap-
wave theory, or the propagation of pulses in these medigears as an additional parameter. Since for complex-shaped
(see, e.g., Refs. 135Roseet al® have presented a numeri- components the material’s natural symmetry planes are in
cal integration model, which includes the consideration Ofgenera| not identical to the Component’s SurfaceS, a respec-
ultrasonic pulse rf signals, using scalar Green's functions agye transformation has been applied to yield a compact elas-
point sources, derived for transversely isotropic media exhibtic tensor representation for such configurations. In Sec. IV,
iting mild anisotropy. Newberry and Thompsomave intro-  numerical evaluation is presented for a layered composite
duced a model for anisotropic wave-field calculation em-material, covering point-source directivities and transducer-
ploying Gauss—Hermite beams, while a pure Gaussian beaffp|q patterns for various material orientations. The propaga-
technique for transversely isotrofi€l) media has been pre- o of rf pulses is also addressed. Generally, two kinds of
sented recentl§.Also, for such TI media with arbitrary ori- notations can be used: index notation of tensor analysis and
entation, the modeling of ultrasonic transducer radiation hagirect notation of vectors and matrices. Throughout the ar-
been addressed in Ref. 9 by using a point-source SUPerposjeje direct notation is used, since it allows the expression of
tion technique. Recently, Rudo!’pﬂhgs also used a Gaussian ppysical quantities by single letters instead of components,
beam model to treat propagation into a general anisotropigng which reflects their nature of coordinate independence.
Thus, the results presented are independent of a special
3Electronic mail: spies@izfp.fhg.de choice of coordinate system.
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Il. FORMULATION OF THE TRANSDUCER where(, andK =K K designate théplane-wave polar-
DISPLACEMENT FIELD ization vector and the wave vector of wave-typerespec-
tively. The Cartesian components of vectprare the direc-

procedure applied in this article is the mathematical formuAivities for transversely(in x- or y-direction and normally
(in z direction acting point sources on the stress-free sur-

lation of Huygens' principle given by Pao and - -
Varatharajullt” A detailed analysis of such representation @€ 9= and U,—as well as the group velocity vector

theorems can be found, e.g., in Ref. 18. For wave radiatiog.—are functions of the wave propagation directigrthat

by an isolated vibrating body or a fixed surface enclosing @roduces an energy contribution along the spatial direction
source, where each point on the surf&e®f the body vi- (R—R’). Generally, theK(R—R’)-relationship has to be
brates with the same angular frequenaythe displacement evaluated numerically, only in special cases are éXamt

The basis for the elastodynamic beam-field calculatio

vector outside the surfacg can be written as approximaté! analytical representations available. An effi-
cient numerical evaluation scheme for this relation is de-
u(R “’):j I{U(R, ®)-[n-3(R-R",0)] scribed below. Using Eq4) and defining the surface trac-
- s SE tion
—[n-T(R",0)]-G(R-R',w)}dS’, 1) (R w)=¢ T(R", 0), )

where—withT being the stress tensor—the tractiorT and ~ Ed- (3) finally leads to

the displacement at this surface act as sources of the gen- .

erated wave fieldG and ¥ are Green’s dyadic and triadic U(B,w)z—f f > [U(R,0) g, (K(R—R))]

functions, whose components represent the displacement and s«

stress field, respectively, at positidh generated by three R ejw\B—B’l/ca(B/—\B’)

mutually perpendiculafpoint) forces acting aR’ on surface XU, (K(R—R")) A7 R—R']

S. In Eq.(2), the usually assumedR(R’) dependence of the - -

Green’s functions has been replaced by tRe-R’) depen-  which is valid in the far field of the point source. Here, the

dence, since only translation invariant media are of interestelationships K, -c,=w and K, (R—R’)=K,-Cc,|R

in this article. -R’'|/c,=w|R—R’|/c, have been exploited, whewg, is
For evaluating transducer radiatio®,is assumed to lie the modulus of the group velocity vector. Since teaergy

in the x—y plane of a Cartesian coordinate system, ire., contribution to a wave field at an observation point

=g,. In selecting the Green’s tensor functions entering in(B/;\R’) is characterized by group velocity, it follows for the

Eq. (1) one has two options. The first one is to choose thgespective unit vectors thaR(- R’)=¢. Equation(6) gives
free-space functions as has been done, e.g., by Guo ardgeneral formulation for transducer generated bulk wave

Achenbactt’ where, however,u(R’,) is an unknown fields which can be applied to any anisotropic medium.
function which has to be determined. Here, the Green’s fUnCHowever, the determination @a using Green’s function is

tions for the elastic half-space are chosen, whereé—pnuicate and would require considerable numerical efforts.

considering the surface to be stress-free—the triadic stressyarefore use is made of another way of determining these
tensor function accordingly fulfills the boundary condition directivities, which is based on the reciprocity theoféand

ds’, (6)

that which has been presented by Veual?® for general aniso-
@Z.ghalfh:o:g ) tropig media. A brief review of this method is given in Ap-
= pendix A.
so that

half B. Computational scheme
UR,0)=— [e; T(R",0)]-G"™(R—R',0)dS'
S Assuming a traction whose magnitude is zero outside

() the transducer aperture and unity within, the integration in
follows, where the dyadic Green's function for the half-spaceEd- (6) has to be performed over the transducer aperture.
has accordingly been introduced. Applying numerical |n.tegrat|0n on t.he basis of an gqually

spaced rectangular grid, wherg, designates the position of
A. Far-field representation of Green’s dyadic function the mth grid point, the displacement vector describing the
From Ref. 19, where the far-field radiation of vibrating Wave field under concern follows accordingly as
point sources in anisotropic media is considered, a far-field R R
expression foiG"" accounting for the bulk wave contribu- Ul(Rw)=2> {[Q'Qa(K(éﬁ))]Qa(K(ﬁ))
tions can be inferred according to m

cexpf —jo|RA|/c(R(RE)I-IRY ™Y, ()

where the resulting constant factor has been omitted. It is
o , B%Z(B—Rm), éﬁ is the corresponding unit vector, and the
iK (R—R")-(R-R’) ! D=l . . . .

€ 4) unit vectore indicates the direction of the applied traction

47|R—R'| (i=x,y, orz). According to Eq.(7), any (continuous wavge

9?5”(8—8'@):% 9.(K(R—R"))U,(K(R-R"))
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displacement field can be determined using an equidistant z
distribution of grid points within the transducing surface in
accordance with the sampling theorem.

C. Numerical K (R) evaluation algorithm

The evaluation of Eq(7) requires the determination of

the wave vector directioi that produces an energy contri-
bution, i.e., a group velocity direction along the spatial di-

rectionR. The group velocity vectoe is obtained as a func-

tion of the K direction, so that the inversion of this
relationship is required. However, due to the complex math-
ematical structure of these relationships the analytical inver-

sion succeeds only in special cases. This has been performE@' 1. Coordinate system and rotateuiateria) symmetry axes. Rotation
ransforms the reference vecwgrinto a, specified byw, the angle between

f(?r tr.ansversely isotropic _material Sym.metry .fSH Waves  ts projection onto the—y plane and the axis, and byk, the angle between
yielding an exact analytical expressithwhile for qP  its x—y projection and itself.

waves an approximate formulation has been obtained for a

certain class of TI materials, e.g., unidirectionally grain-arrays are generated and applied which also allows one to
structured austenitic steétsIn arbitrary anisotropic material take care of the different wave-decay properties in these di-
the inversion has to be performed numerically, where theections[ O(R™ %) and O(R™*®) instead ofO(R™1)?4].

shape and possible degeneracy of the slowness surfaces lead

to additional difficulties. An eﬁicientl@(é) evaluation ||| PLANE-WAVE RELATIONSHIPS

scheme has been implemented in the following way. The ) ) ) ) . )
numerical program steps through the wave-vector positions, 1he dynamic behavior of a linear elastic, anisotropic
parametrized by an azimuthal angteand a polar angle in medlum can be described b_y the equatllon_ of motion for the
steps of, e.g., 0.5°, and determines the corresponding grodﬁsplacement vectar. Assuming harmonic time dependence

. . . . g - 7]wt . .
velocity vectors, which are in turn parametrized accordingly.” € '+ Wherew denotes the circular frequency, it can for a
o homogeneous solid be written in a general form according to
The anglesy and « characterizing are stored as an array,

where the azimuthal and polar angles determined forcthe (Y~(§3-Y)-l_1+ ow?u=—f, €]

vectors are used as array indices. In evaluatiAng(En.the whereg is the mass density is the gradient vector, anid
polar and azimuthal angles for a given directig@(=¢) are  accounts for the volume force density. The elastic properties
then used to look up the correspondifgdirection from the  of the homogeneous solid are described by the fourth-rank
stored array. Additional care has to be taken in direction®lastic tensor, which is for arbitrarily oriented orthotropic
where group velocity is multivalued—here, multiple look-up media given by

QOT(TZ\, ") =(Ca3—2C49) L |+ Caa((L1)¥** (11)13*) +(C11+ Cg3—2(Cy3+2Cs5))aaaa
+(Cyyt Caz— 2(Cpat 2Cyy))a aa™a + (C13+2Cy4— Caa) (L aa+aal)
+(Cy3t2Cyu— Caa) (L aa +aa"l) + (Css— Cu)((La) **+ (aal) ¥

+(laa)'?+ (aal) 39 + (Ce—Csp)(adaa+aaaa+aadaa+ a"aaa"). 9

The derivation of this representation is outlined in Appendix C134L_{Cijk|§§j9(9}134é Cijk66@6=Ci6668 -

B.. The dygdic idemfactor appearing in E(p) can be (12)
written—using dyadic products of the Cartesian unit vectors
&, g ande,—as Choosing thex axis as the initial spatial reference, tkg

designate the respective nine elastic constants. Vecior
100 dicates the position of the reference symmetxy) (axis in
|={5.eel= + + =0 1 0|: @0 3D space after a rotation specified by two angleand «,
SRR LA A ‘ while a (1L a) is parallel to thex—y plane(Fig. 1).
0 01 : ) : . .
Applying a three-dimensional Fourier transform with re-

accordingly, the tetrad | is the dyadic product of with ~ SPect toR to the equation of motio8) in terms of

itself. Index changes, i.e., transpositions of elements in the

elastic tensor are indicated by an upper indicial notatton, UK, w)= J'°° fw f“ U(R,w)e 15 RER, (12)
where, e.g., o) ) —w
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yields the dispersion equation

W(k, ) -TU(k,0)=T(K,0), (13
where the wave matrix is given by
W(K,0)=K-C-K—0w?l. (14)

Insertion of the elastic stiffness tensor for OT media into

Eq. (14) yields in abbreviated notation
W(K,0)=al+BK K+ yaa+ s(K a+akK)+eaa

+p(Ka'+a'K)+p(aa'+a' a). (15)

The Greek quantities in this equation depend on the elastic
constants as well as @y a"”, andK; the explicit expressions

are given in Appendix C. The eigenvalues of Ef3) are
determined by

detW(K,®)=0;
from Eq. (15) it follows that

(16)

detW (K, w)=(— 0?3+ 1K?(— ow?)?+sK*( - ew?)

+tK®=0. (17

The quantities, s, andt again depend on th&;; and on the
vectorsa, a”, andK as also listed in Appendix C. Writing

Eq. (17) as

x3+rK?2x2+sK*x+tK8=0, (18
the substitution

y=x+r/3ex=y—r/3, (19
leads to the reduced equation

y*+py+q=0, (20

wherep=K*(s—r?/3) andq=K5(2r3/27—rs/3+t). Using
Cardano’s formulas, the solutions of EG0) follow accord-
ing to

Yo=€qUtes_,v, a=123, (21
where

e1a=1E25=(—1%]V3)/2, (22)

u=K2¥/~q/2+ D), (23

v=—K?(p/3u), (24)

D=K*((p/3)%+(a/2)?). (25)

Elementary manipulations finally provide the wave number

as
K2=0w?/(r/3—(e,Uu+e5_,0)). (26)

Furthermore, the modulus of phase veloaity is given by
v,.=|s.] 1, with slowness, =K ,/w.

The pertinent polarizations of the three bulk wave

modes are obtained from the unit vectars, given by®

U,U,=adjW/tr (adjW), 27)

where “adj” and “tr” designate the adjoint and the trace of

S

A [degr]
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FIG. 2. Skewing anglé between group- and phase velocity plotted versus
angle of incidence (x—z plane,a= x=0°) for (a) the [04/90] composite
and (b) a quasi-isotropic composite. Note the different scales of the ordi-
nates.

the identification of waves according to specific dominant
polarizations is meaningless, the three wave modes are des-
ignated according to their polarizations when propagated in
certain symmetry directions. Thus, there are two quasishear
waves and one quasipressure wave; accordingiyqSL,

qS2, andqgP will be used in the following.

Applying the well-known definition of group velocity

c=dw(K)/K, (28)

and obeying thatb=K v yields

(a(Kv)) ( oK &v)
Co= =lv—4+K— (29
K - K

a matrix, respectively. Since fgstrongly anisotropic media and then
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